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ABSTRACT

THE MORPHOLOGY AND EVOLUTION OF THE PRIMATE BRACHIAL PLEXUS
By
Brian Michael Shearer

Advisor: William E. H. Harcourt-Smith
Primate evolutionary history is inexorably linked to the evolution of a broad array of
locomotor adaptations that have facilitated the clade’s invasion of new niches. Researchers
studying the evolution of primates and of their individual locomotor adaptations have
traditionally relied on bony morphology – a practical choice given the virtual non-existence of
any other type of tissue in the fossil record. However, this focus downplays the potential
importance of the many other structures involved in locomotion, such as muscle, cartilage, and
neural tissue, which may each be influenced by separate selective forces because of their
different roles in facilitating movement. This dissertation is an investigation into the evolution of
primate anatomy with an emphasis on the peripheral nervous system, particularly that of the
brachial plexus, its intraspecific patterning, and its interactions with muscle in relation to
changes in locomotion across clades. As the primate nervous system directs voluntary motor
movement to the limbs thereby facilitating locomotion, its morphology may be expected to vary
with primate locomotor proclivities and/or limb anatomy. This prediction has not been explicitly
tested. The anatomy of the peripheral nervous system was studied using a comparative approach
both within 29 genera of primates and among non-primate clades via extensive primary
dissection and a broad literature search in order to better understand its evolution. Data on spinal
iv

nerve level contributions, axon combination and branching morphology, nerve distribution
pattern, and neural relationships with other soft tissues are detailed with photographs and
standardized descriptions for 79 specimens and 123 individual plexuses. 99 characters generated
from observations made during dissection were then analyzed using a parsimony-based
phylogenetics approach to evaluate the evolutionary patterns presented by the brachial plexus in
primates. The phylogenies generated with the brachial plexus characters did not perfectly mirror
commonly accepted primate phylogenies, suggesting that while there is some evolutionary signal
contained in the plexus, its morphology may also be influenced by forelimb function. As robust
hypotheses exist regarding extant primate phylogenetic relationships and evolutionary histories,
character evolution was mapped onto existing molecular trees to better understand how the
individual structures that comprise the brachial plexus may evolve independently or in concert at
different taxonomic levels. The rate of brachial plexus evolution in clades and leaf taxa was then
assessed, demonstrating a marked heterogeneity in the structure both within and among clades.
Taxa that have undergone recent locomotor shifts since divergence from their most recent
common ancestor, and particularly those who exhibit some amount of suspensory behaviors,
exhibit the highest rates of evolution observed here. Notably, several ape genera exhibit brachial
plexus evolutionary rates significantly higher than the primate mean, running counter to the
notion that hominoids have undergone an evolutionary slowdown relative to other primates.
As the true unit of homology in the peripheral nervous system is a subject of ongoing debate,
several levels of discussion are necessary to understand the variation in primates and their place
in the broader spectrum of tetrapod diversity. Macroanatomy, microanatomy, development, and
comparative anatomy are explored in a broad context to evaluate the evolutionary trends of the
primate peripheral nervous system and are discussed in detail.
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Chapter 1 - Introduction
1.1. Introduction
Extant primates maintain numerous adaptations derived to exploit a variety of habitats,
and, despite being a taxonomically small Order when compared to other mammalian clades (e.g.,
Rodentia, Chiroptera), exhibit considerable diversity in shape, size, and locomotor abilities
(Larson et al., 2000). Primate morphological diversity is particularly well-represented in limb
anatomy (Gebo, 1993), and taxa can be gradistically grouped by skeletal differences related to
locomotion such as digit and limb ratios (Schultz, 1969; Jungers, 1982, 1984; Patel and
Maiolino, 2016) or the shape of individual manual and pedal bones (Harcourt-Smith and Aiello,
2004). For example, many colobines have reduced or externally lost their pollux as an adaptation
for high levels of arboreality, a pattern which has evolved in parallel in Ateles though the genera
are separated by ~30 million years of independent evolution (Schultz, 1969; Arnold et al., 2010;
Williams, 2012; Williams et al., 2013). Habitually terrestrial taxa (e.g., Papio) have straightened
and reduced their phalangeal ray length to increase stride length when walking (Patel, 2010;
Patel and Miaolino, 2016), while the fingers of more suspensory taxa (e.g., Hylobates) are
increased in length and curvature to reduce force load and increase reach length during
brachiation and below branch suspension (Fleagle, 1974; Richmond, 2007; Rolian, 2016). Taxa
can also be cladistically grouped via distinct synapomorphic features of the postcranial skeleton,
such as the fused scaphoid-centrale carpals of extant African apes (Virchow, 1929; Begun, 1992;
Orr, 2018) or the expanded capitulum and deep, gutter-like zona conoidea of colobines (Fleagle,
1978; Nakatsukasa et al., 2010). Muscle anatomy, functional compartment size, and recruitment
patterns have also been shown to differ with both function and phylogeny in extant primates
(e.g., Miller, 1932; Larson and Stern, 1987; Diogo and Wood, 2011; Zihlman et al., 2011),
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reinforcing the concept that bones are not the only tissue system subject to the forces of
evolution. That many potentially character-rich and informative regions of the primate body exist
other than the skeletal system, and yet remain and vastly underutilized, is problematic as we
strive to better understand primate evolution in a holistic, modern context. In particular, the
nervous system in primates (and other mammals, to a large extent) has been relatively neglected
in studies of locomotor evolution, systems homology, or evolutionary relatedness in favor of
using bone or muscle characters based on presence/absence and attachment points. While
descriptive anatomical studies exist for many primate taxa owing to the strong historical trend of
comparative anatomy and embryology during the late-17th to mid-20thth centuries (e.g., Tyson,
1699; Owen, 1830; Köhlbrugge, 1890; Keith, 1899; Sonntag, 1924; Miller, 1932, 1952), and in a
more recent revival (e.g., Diogo et al., 2013, Diogo et al., 2017), detailed reporting of
innervation patterns is relatively rare. It is curious then, that while the functional and
phylogenetic utility of muscles for understanding primate evolution is clear, the system they are
entirely reliant on to function (neural impulses conducted from the brain through the peripheral
nervous system via complex networks of neuromuscular units) continues to be understudied in
all aspects, including macro-and-microanatomy, development, integration with surrounding
tissues, and evolutionary history. An integration of neural characters into our systematic
assessments of primate evolution is therefore relevant and necessary given the important role of
the nervous system in facilitating locomotion.
As researchers studying primate systematics and locomotor evolution have classically
relied on the study of hard tissue morphology to determine the phylogenetic affinities and
functional capabilities of both extant and fossil taxa, the utility of soft tissues is less wellestablished. Systematics studies have been conducted with multiple primate non-bony systems,
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including skin, blood proteins, hair, organs, and genital morphology (e.g., Fooden, 1988, 1999;
Gibbs et al., 2000; 2002), or targeting a single tissue type such as muscle (e.g., Burrows et al.,
2006; Diogo and Wood, 2011), with generally encouraging results. Fooden (1971), among
others, demonstrated that external soft-tissue (in this case, genital) morphology can be a source
of phylogenetic characters in primates if properly assessed. Diogo and Wood (2011)
demonstrated that muscles are amenable to phylogenetics as they generally exist in binary states
(present or absent), are consistent within taxa, but vary among taxa, which are all important
criteria for assessing the usefulness of a tissue for phylogenetics (Kitching et al., 1998).
Additionally, their work indicates that phylogenies generated with muscular data closely match
the pattern of phylogenetic relationships proposed by many molecular studies of primates, and
often suggest a well-supported Pan-Homo clade, which is not always found when using only
hard tissue characters, particularly when the fossil record is ignored (Begun et al., 2007). These
works and others using non-primate vertebrate taxa (Abdala and Moro, 2003; Diogo, 2004b;
Frost et al., 2006; Conrad, 2008; Conrad et al., 2011) suggest that soft tissue characters are
useful in reconstructing a taxon's evolutionary history, leading some researchers suggest that
they may be as reliable as hard tissues at recovering accurate phylogenetic signal (Gibbs et al.,
2002; Wood and Harrison, 2011), although neural tissues are not generally included in such
analyses (though see Shearer et al., 2015; Backus et al., 2016).
Primate limbs and the constituent parts that they are comprised of therefore undoubtedly
carry both phylogenetic and functional signals. Though primates possess plesiomorphic limbs
relative to many tetrapod clades, researchers have demonstrated that homologous limb muscles
are differentially utilized in locomotion among even closely related groups (Larson and Stern,
1987; Larson and Stern, 2013). This diversity in form and function is especially well represented
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by the extant apes (Ward, 2007), which exhibit an extremely broad locomotor diversity
encompassing several types of forelimb driven locomotion despite being a relatively speciespoor clade when compared to some other mammal groups (e.g., Chiroptera) (Fleagle, 1980;
Gebo, 1987; Hunt et al., 1996; Harcourt-Smith and Aiello, 2004; Kivell and Schmitt, 2009).
Furthermore, rates of change in muscle morphology and presence have been shown to differ both
among clades and within anatomical regions of a single taxon. For example, hylobatids exhibit a
high rate of change in pectoral and upper limb muscle morphology, but relatively few changes to
the head and neck muscles, while the rate of head and neck character state changes in the node
leading to Pongo is four times higher than the rate of changes observed in the pectoral and upper
limb region (Diogo and Wood, 2011; Diogo et al., 2013). The observable differences in skeletal
muscle morphology and use among primate taxa poses a causality dilemma in understanding the
evolution of locomotor complexes, as mutations of deletion of some genes (e.g., SHOX or the
closely related Shox2 in mice) disrupt normal development of bones, muscles, and nerves
(Vickerman et al., 2011), though wild-types show some independence in developmental
regulation of different limb elements (Swinehart et al., 2013). Post-development observations
have also been made demonstrating variations in one tissue affecting the morphology of another.
For example, Yamamoto (1992) showed that atypical structure in the anterior and medial scalene
muscles of the neck may affect the root branching patterns in the brachial plexus of humans,
demonstrating that muscle morphology may affect nerve tissue development and distribution, or
vice versa. The developmental and functional co-dependence of muscles and nerves suggests that
these tissues are tightly integrated, begging the question of to what extent these systems are
differentially affected by the forces of evolution, and if different clades respond to pressures in
unique ways given their particular evolutionary idiosyncrasies. Whether the well-observed
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differences among clades in muscle and bone morphology and evolution correlate with
adaptations in the peripheral nervous system is currently unknown in primates.
Neural tissues have been proposed to be deeply conserved throughout vertebrate
evolution relative to other soft tissues (Smith, 1994), and recent evidence suggests that aspects of
the tetrapod motoneuron system used to innervate skeletal muscle and thereby facilitate walking
may have originated in the common vertebrate ancestor some 420 Mya (Jung et al., 2018).
Experimental observation of kinematics and electromyography suggest that while the
morphology of bones, muscles, and teeth may diverge greatly in form, the neuromotor pattern is
relatively unchanged across tetrapods, which has led to the speculation that neuromotor
patterning may in fact produce constraints on the musculoskeletal system, not the other way
around (Liem, 1984; Bramble and Wake, 1985; Roth and Wake, 1989; Smith, 1994). Lauder and
Shaffer (1988) demonstrated that prey capture kinematics and muscle use sequence are similar in
pre- and post-metamorphic amphibians, despite the highly divergent morphology of the feeding
mechanisms and branchial anatomy. The pattern of dramatic evolution in the peripheral feeding
mechanisms being accompanied by relatively little change in the neuromotor pathways is also
observed in the mammalian masticatory system, which has many similarities with the primitive
neuromotor programming of extant diapsids (Bramble and Wake, 1985; Smith, 1994). It remains
unknow (and untested) whether other aspects of the nervous system (i.e., the peripheral nervous
system) are equally conservative within clades.
An integrative assessment of the peripheral nervous system in primates is therefore
necessary to resolve these issues and more holistically understand the evolution of primate
locomotor complexes. Two primary regions link the skeletal muscle of the limbs with the
nervous system: the brachial and lumbosacral nerve plexuses, the former of which will be the
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focus of this thesis, though some comparison with the latter is important for contextualization.
The brachial plexus is a complex, winding mass of mixed axons from several spinal levels in the
peripheral nervous system that innervates the forelimbs of all primates and is a potentially
character-rich region involved with locomotion that may prove valuable for understanding the
evolution of the locomotor complexes. This anatomical complex has been poorly integrated into
modern evolutionary studies despite a long history of study (e.g., Fürbringer, 1874, 1876;
Cunningham, 1877; Paterson, 1887; Eisler, 1892; Miller, 1934; Harris, 1939) and despite
possessing many of the characteristics necessary for successful integration into modern
systematic methods (Kitching et al., 1998). Researchers have continually argued over the
homology of the nerve plexuses and their relevance to understanding tetrapod evolution (e.g.,
Cunningham, 1881; Paterson, 1887; Fürbringer, 1888), and little agreement has been reached
about how a change in the nervous system may affect surrounding tissues or vice versa. Keith
(1902) and Wood Jones (1910) were among the first to describe the correlation of hard and soft
tissue evolution, noting that the homeotic transmutation of a vertebrae from one region to
another (e.g., thoracic to lumbar) is coupled with changes in the nearby muscles and
neurovasculature, a phenomenon that has been noted by subsequent researchers (Horwitz, 1939;
Webber, 1956; Yamamoto, 1992).
To fully appreciate the variations in primate limbs both with soft and hard tissues, the
evolution, development, and diversity of these structures in primates must be addressed. The
following sections will detail the evolution of the tetrapod limb, the comparative anatomy,
development, and function of the peripheral nervous system that innervates the limbs, and both
the variation and functional differences in neuromuscular units both within primates and among
other tetrapods. If neural tissue is conservative in its presence/absence regardless of changes in
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hard tissue, like muscular tissue has been suggested to be (Giffin, 1992; Gibbs et al., 2000;
Pilbeam, 2000; Diogo and Wood, 2011), the character differences in nerve complexes among
groups may be a valuable indicator of the homology or homoplasy, and therefore may provide
some insight into the evolutionary pressures experienced by different primates at times
throughout the clade’s history. The ability to map characters onto well accepted phylogenetic
hypotheses (trees) may allow for a deeper understanding of the evolution of primate limb
complexes and the sequence in which they evolved. The sections that follow detail and discuss
the variation within, and evolution of, different anatomical complexes from a neuromuscular
perspective, with particular emphasis on the neural structures that innervate the fore-and
hindlimbs in all major primate clades. As the limbs are a major component in primate
locomotion, the evolutionary variability and trajectory of each of anatomical component is
fundamental for understanding the evolution of each constituent part is important for
understanding the evolution of an organism in its entirety.
The objectives of this thesis are to 1) document the characteristic morphologies of the
peripheral nervous system of the primate forelimb and its interaction with other tissues, 2) assess
primate forelimb peripheral nervous system diversity in a broad comparative framework with
focus on both function and evolution, 3) determine where homology exists in structures,
reevaluating the historical literature where possible, 4) propose evolutionary scenarios for
character state evolution in relevance to locomotion, 5) and better understand the rate and tempo
of evolution for the brachial plexus and how it may relate to locomotion.
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1.2. Overview of chapters
1.2.1. Chapter 1: Introduction
This segment is focused on providing the framework for and aims of the thesis, the
central question of which is, "Has the primate forelimb peripheral nervous system evolved in
correspondence with the adoption of different locomotor styles or is it subject to independent
forces of evolution?". Background information on the historical use of soft tissues in systematics
is detailed and examples are given of changes in one particular segment of an animal's anatomy
affecting correlated structures to prime the questions addressed in this thesis about nervous
system evolution in primates.

1.2.2. Chapter 2: Background
Here an in-depth overview of the anatomy, development, and evolution of the forelimb
and shoulder girdle in tetrapods is given. Discussion of levels of variance and typical
morphologies in the peripheral nervous system anatomy for both human and non-human
primates as taken from the literature are provided as context for later chapters. The formation and
patterning of the brachial plexus are emphasized as the link between the central and peripheral
nervous system that acts on the limbs, and general patterns are discussed.

1.2.3. Chapter 3: Descriptive anatomy of the primate plexus brachialis
This chapter is a description of dissections that served as the primary data for this
dissertation. Nerve root contributions, routes, and morphologies are described for the brachial
plexus in an archetype specimen for each taxon, and then variations are discussed using other
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specimens within each taxon. Overall, 20 primate genera are described, comprised of 79
individual specimens and 123 individual plexuses. Labelled photographs of each individual
dissection are included along with a brief summary of the typical characteristics observed in each
taxon, the common polymorphisms, and a section on historical discussions of brachial plexus
form and distribution as found in the literature. Formal Latin names are used for all anatomical
structures in this chapter to standardize the descriptive language for future researchers.

1.2.4. Chapter 4: Comparative analyses of the primate brachial plexus in an evolutionary
framework
The data collected in primary dissection and from the literature are here used to assess the
evolutionary history of the primate brachial plexus. Characters coded from the data described in
Chapter 3 are used to test the phylogenetic signal of the brachial plexus. Characters are then
mapped onto a commonly accepted primate phylogeny to determine their likely distribution
among and within clades. Ancestral character states for crown clades are hypothesizes the
ancestral state of the common ancestor of sister taxa within primates (e.g., the last common
ancestor of Pan and Homo). Inferences are made about the effects of these morphologies, and
how characters have evolved throughout the primate clade.

1.2.5. Chapter 5: Rate and tempo of evolution in the primate brachial plexus
Rate and tempo of evolution are mapped onto existing molecular phylogenetic trees to
compare the pattern of evolution for the nerves of the forelimb to other soft and hard tissues in
primates. This chapter builds on the findings of Chapter 4 and evaluates the rate and tempo of
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brachial plexus evolution in different primate clades. Rates of evolution are compared with time
since clade divergence to argue that brachial plexus complexity is not simply a function of time,
but rather of adaptation for locomotor specializations. Hypothetical considerations and functional
correlates are discussed, and avenues for future research are briefly explored.

1.2.6. Chapter 6: Summary and further directions
In this chapter, I synthesize the results of my previous sections. I discuss the implications
of this research to the current hypotheses on the evolution of primate locomotor patterns and
further lay out potential avenues of future research.

1.3. Terms and definitions used in this study
In an effort to aid interpretation, the anatomical structures discussed in most segments of
this thesis are referred to in their Anglicized form rather than by Latinized terminology, e.g.,
suprascapular nerve is used rather than n. suprascapularis. The exception to this is in Chapter 3,
where all anatomical terms are written in their Latinized form to follow the strict definitions of
the Terminologia Anatomica (1998), in which standardized names for anatomical structures are
used. Chapter 3 is written as a series of patterned, encyclopedia-style entries detailing the
anatomy of individuals within a taxon, and it was deemed necessary to use formalized language
to increase the accessibility for future anatomists and decrease confusion should common
terminology change. The chapters preceding and following Chapter 3 are more synthetic or
methods-based in nature, and therefore formalized terminology was not deemed necessary as the
primary aims of the other chapters are analytical and not focused on descriptive anatomy.
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Various technical terms are used throughout the text that require some clarification to
avoid the possible confusion stemming from differences in usage among molecular biology and
classic anatomical definitions. The term nerve here refers to a mixed spinal nerve comprised of
both dorsal and ventral roots after their combination in a common fascial sheath unless otherwise
noted. In Chapter 2, the term motoneuron is used to specifically describe the efferent, motor
fibers of a common nerve in relevant research detailing the growth of these units rather than the
afferent fibers or the full nerve in sum. The term brachial plexus generally refers to both the
structure sensu stricto contained in the axilla (i.e., the roots, trunks, divisions, cords) and its
terminal branch nerves. This more inclusive definition allows for discussion of the structure and
its resultant elements in a more holistic way than would parsing the brachial plexus sensu stricto
from its terminal units.

1.4. The lumbosacral plexus
This thesis does not include an extensive study of the lumbosacral plexus, though the
original study design had planned for dissection, documentation, character coding, and
phylogenetic analyses of the lumbosacral plexus to comparable to that of the brachial plexus.
However, during data collection it became apparent that lumbosacral plexus data were far less
readily available and of lower quality than brachial plexus data. Both brachial and lumbosacral
plexus data were initially collected on some specimens, but the majority did not preserve the
latter complex well enough to be formally characterized and coded as is done for the brachial
plexus in Chapters 3 and 4. The contrast in quality between the upper and lower limb data is due
to the nature of the specimens available for this study, many of which were donated to research
institutions from a zoo after an animal’s death. Necropsy, a common procedure performed by
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veterinarians at zoos when a captive animal dies, necessitates the removal of the abdominal and
pelvic organs, and unless care is taken, the deeper structures of posterior abdominal wall can be
easily damaged during resection. Chief among these is the psoas complex and the underlying
nerves that comprise the lumbosacral plexus. During my dissections I found that the majority of
specimens had damaged lumbosacral nerves. The discrepancy in nerve complex quality rendered
data collection impossible on a comparable scale to the forelimb. I therefore have elected not to
include the lumbosacral plexus data in this thesis as a primary or complementary focus and have
chosen to analyze the morphology and evolution of the brachial plexus and its terminal nerves in
isolation. Some lumbosacral plexus data, including preliminary discussion of the anatomy and
background are provided in Appendix 6. The text in this section was originally written as a
complement to that of the brachial plexus provided in the main text of this dissertation, though
due to the scarcity of data as detailed above, it does not represent a complete work. The currently
limited lumbosacral plexus data presented in Appendix 6 will be expanded upon in further
research and will eventually be combined with the brachial plexus data from this dissertation to
form a more synthetic work when the number of observations is robust enough to draw
meaningful conclusions.
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Chapter 2 - Background
2.1. Limb evolution and anatomy
Shared anatomy can be observed in some elements of the muscular system and genetic
pathways for development of both fins and limbs, indicating a deep homology for limbs in all
tetrapods (Rolleston, 1869; Cunningham, 1881; Kusakabe and Kuratani 2005; Kusakabe et al.,
2011; Murakami and Tanaka, 2011; Gillis and Hall, 2016; Onimaru et al., 2016; Siomava and
Diogo, 2017). The fore-and hindlimbs of all tetrapods are comprised of homologous structures
derived from the fin-rays of fossil sarcopterygian fishes during the water-to-land transition in the
Devonian period (Shubin, 1995; Coates, 2003; Shubin et al., 2006). Limbs are essentially
modified fins derived from the same tissues that fish possess, thought to be originally evolved
from the branchial rays of the gill arches during the transition from water to land by the most
recent common ancestor of sarcopterygian fishes and tetrapods (Shubin et al., 2006; Amaral and
Schneider, 2017). However, unlike fins of fossil sarcopterygian fishes such as Tiktaalik (Shubin
et al., 2006) and Panderichthys (Boisevert et al., 2008), modern Sarcopterygian fish such as
coelacanths and lungfish broadly exhibit (derived) radial fin symmetry around a central axis.
Tetrapod limbs are further specialized to form a complex organ with an asymmetrical
arrangement of parts from proximal to distal: the stylopod (humerus or femur), zeugopod
(radius/ulna or tibia/fibula), and the autopod (carpals/metacarpals/manual phalanges or
tarsal/metatarsals/pedal phalanges) (Gilbert, 2000).
The pectoral girdle and forelimb appear in the fossil record prior to the evolution of the
pelvic girdle by ~20 million years. The structural precursors to forelimbs (pectoral fin structures)
are first found in fossil osteostracans some 430 million years ago, while the first pelvic girdle in
the fossil record is found around 413 million years ago in fossil gnathosomes (Janvier, 1996;
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Coates, 2003; Johanson and Trinajstic, 2014; Sears et al., 2015). Despite the currently similar
appearance of many tetrapod fore-and hindlimbs, these early limb girdles and fins had significant
differences, likely related to the anchoring properties of the pectoral girdles with the head in
these early vertebrates (Diogo and Ziermann, 2015; Sears et al., 2015). Furthermore, the
evolution of the derived tetrapod pectoral girdle preceded the evolution of the pelvic girdle by
some 40 million years, suggesting some level of independent evolution despite apparent cooption
of developmental pathways (Boisvert et al., 2008; Clack, 2012; Sears et al., 2015). We therefore
commonly see similar but distinct morphologies in both hard and soft tissues in the fore-and
hindlimbs. The different timing in the appearance of these structures in the fossil record suggests
to some researchers (e.g., Diogo and Ziermann, 2015; Diogo et al., 2015) that the pectoral and
pelvic girdles may not be serial homologs, although structures in the more distal segments of the
limbs may be. The seemingly independent origins of these girdles could potentially inform the
levels to which we should expect them to be integrated, and the levels to which we should expect
integration between the axial and appendicular systems.
It is currently unclear if the either the developmental mechanism for loss/gain of units
(bone, muscles, nerves) of the appendages or the evolutionary pressure that cause such
modifications are homologous or convergent among diverse primate clades, though studies of
differential developmental processes (Kozhemyakina et al., 2015) and bone integration patterns
provide some insight to the more proximate mechanisms of limb evolution (Rolian, 2016). To
this end, Abdala et al., (2015) demonstrate that bones may be evolutionarily decoupled from soft
tissues, with osseous structures being lost while the muscles that primitively attached to them
persist. However, the researchers demonstrate that while muscles of modified limbs develop
rather than simply failing to grow, they now anchor to new, geographically close locations.
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Additionally, Abdala et al., (2015) demonstrate that muscles may disappear while their bony
attachments persist. The functional implications of such modifications are currently unknown
over an evolutionary timescale, but further suggest that hard-and soft tissues follow different
developmental pathways and may not necessarily be closely coupled in their evolutionary
modifications. Where supernumerary accessory limbs are present, both muscles and analogous
nerves develop normally in relation to the usual limb, with an increased mass of grey matter in
the lateral spinal column only in the region of the duplication (Weiss, 1936; Bueker, 1945).
Likewise, destruction of a limb significantly reduces the mass of the motor horn on the afflicted
side (Detwiler and Lewis, 1925), suggesting preservation and development of neural mass is
directly correlated to the integrity of the supplied structures.

2.2. Limb Development
Tetrapod limbs share many growth and maturation systems across a broad range of taxa,
suggesting that the genetic mechanisms of development are deeply conserved, but can clearly be
modified by the forces of evolution (seen in the observable range of limb morphologies). Given
that the pectoral and pelvic girdles appear at different times in the fossil record, but are very
similar in formation, some similarities in the developmental sequences may be expected,
although exact mechanisms may not be identical. This is in fact the case in limb development,
where the cells that form the fore- and hindlimbs are similar and behave identically in terms of
cell proliferation but are differentiated from each other by several key signaling factor pathways,
and by the expression of transcription factors, such as in T-box genes (Rolian, 2016). During the
embryonic phase of amniote development, limb precursor cells are differentiated from their
primitive germ layers (endoderm, mesoderm, ectoderm) to form all major body systems,
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including the beginnings of the limbs between weeks 2 and 8 in (human) development. During
this process, the mesoderm divides into three contiguous but functionally separate layers:
paraxial mesoderm, intermediate mesoderm, and lateral plate mesoderm. The outer layer of the
lateral plate mesoderm provides the cells that form all the osteogenic cells in the limbs, while the
somites derived from the dorsal portion of the paraxial mesoderm (dermomyotome) provide all
skeletal muscle in the axial and appendicular skeleton. The neuromuscular system of the limb is
formed in the stages of embryonic development after the formation of bone and cartilage begins,
with recognizable bone patterning visible long before any neuromuscular units (Abdala et al.,
2015), while the nervous system that supplies the impulses to and receives feedback from these
structures is derived from neural crest cells of the ectoderm and does do not finish development
until after birth.
Mesenchymal cells in the limb field of the lateral plate mesoderm, specific clusters of
embryonic cells within a morphogenic field that respond to biochemical signals and function to
build the limbs (Rolian, 2016), begin to divide and eventually form a limb bud. This bud is
comprised of the underlying mesenchymal cells and the ectodermic cells that lay above them,
which get pushed out into a distinct bulge in the brachial and lumbar regions of a developing
tetrapod. Hox genes (developmental pathway regulating genes) are differentially expressed in the
lateral plate mesoderm of the embryonic limb bud at different somite levels of the axial skeleton
(Noro et al., 2011; Sears et al., 2015; Rolian, 2016), leading to similar but distinct terminal
morphologies in fore-and hindlimb. The growth field of the forelimb limb bud expresses HoxC4
and HoxC5, while the growth field of the hindlimb limb bud expresses the analogous (but not
identical) HoxC9, HoxC10, and HoxC11 (Burke et al., 1995; Duboc and Logan, 2011b; Rolian,
2016), thereby establishing the patterns for specific limb development. Early cues to determine

16

limb identity appear to be prompted by T-box genes, which are a highly conserved series of
transcription factors (King et al., 2006; Rolian, 2016), though numerous models exist for this
process and there is currently no consensus on which most correctly represents the actual
process. The genes Tbx5 (forelimb) and Pitx1/Tbx4 (hindlimb) show restricted expression to
their particular limb field (fore- or hindlimb, respectively), which may be the early
developmental mechanism for limb identity, though not necessarily a particular limb morphology
(Agarwal et al., 2003; Naiche and Papaioannou 2003; Rolian, 2016). Limb bud outgrowth (and
therefore continued limb development) relies on a feedback loop of fibroblast growth factors
FGF8 and FGF10, which form the apical ectodermal ridge, a structure of the limb bud without
which the growth cannot continue (Ohuchi et al., 1997; Rolian, 2016).
Proximal structures are formed before distal structures during outgrowth, though
numerous models disagree on the proximate mechanisms and feedback cycles (see Summerbell,
1981; Dudley et al., 2002; Sun et al., 2002; Zeller et al., 2009). That the genetic underpinnings
timing and feedback loops that regulate limb development are similar but not identical (Sears et
al., 2015; Rolian, 2016) has implications for assessing the homology of limb structures and the
integration of neuromuscular units both within and among tetrapod taxa. All limb patterning
sequences seen in adult tetrapods are completed by the end of the embryonic stage of
development, and the subsequent fetal stage of development is characterized mainly by changes
in size and shape of limb elements rather than modifications of developmental patterns (Stricker
and Mundlos, 2011; Rolian, 2016). Failure to correctly execute each stage of development can
lead to disfigured limbs, which may result from the change of a single gene signal enhancer
(Kvon et al., 2016). These models are not necessarily relevant for understanding neural
integration to the limbs, as nerves have a separate developmental sequence (axonogensis) that
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occurs during the 5th week of embryonic development in humans. Many studies on
developmental timing are primarily concerned with hard tissue formation, and far fewer exist
(especially in primate-specific literature) for other types of tissue. Soft tissues have necessarily
evolved in concert with hard tissues in the tetrapod limbs, but to what extent they are integrated
or homologous is currently poorly understood in all tetrapods (Abdala et al., 2015). Recent
evidence suggests that all neuronal subtypes utilized in tetrapod walking, for both fore-and
hindlimbs, share a common origin in primitive gnathostomes, and that all vertebrates with paired
appendages evolved the capacity for complex walking behaviors from a widely conserved Hoxdependent gene network (Jung et al., 2018). Given the deep conservation among tetrapod groups
in limb growth and regulation, is likely that the developmental pathways among primates are
homologous, though this hypothesis has not been tested.

2.3. The tetrapod nervous system
2.3.1. General anatomy
The nervous system generates, receives, and facilitates the conduction of impulse
currents throughout the primate body. The central nervous system (brain and spinal cord)
generate the signals, and the nerves of the body are tasked with transferring information from the
central nervous system to the target tissues and back for interpretation. Interspecific variations
are well documented in the human and non-human primate central nervous system, including in
brain macrostructure (e.g., Elliot, 1913; Walker and Fulton, 1936; Sherwood et al., 2003;
Gomez-Robles et al., 2016), microstructure (e.g., Nimchinsky et al., 1999; Sherwood et al.,
2003; Barger et al., 2012; Barks et al., 2014; Phillips et al., 2015; Stimpson et al., 2016), and
development (e.g., Phillips and Sherwood, 2008; Miller et al., 2012; Duka et al., 2017; Li et al.,
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2017), each of which is suspected to carry some phylogenetic signal (Sherwood, 2003; Hof and
Sherwood, 2005). The peripheral nervous system is comprised of the distally located outgrowths
of the central nervous system, comprised of nerves and ganglia. In primates and other tetrapods,
the nerves of the peripheral nervous system are conduct signals from the central nervous systems
to the limb muscles in a coordinated fashion to facilitate movement via a connective tissue
pathway for axon-muscle fiber interaction (Machado et al., 2015). Nerves, and therefore
individual axons from particular motor groups in the spinal column (see below), consistently
innervate particular muscle groups in both fore-and hindlimbs (Landmesser, 1978; Tosney and
Landmesser, 1980; Tosney and Landmesser, 1985; Wilson and Holder, 1988; Machado et al.,
2015), even when the limbs are experimentally manipulated to an abnormal position (Bennett et
al., 1979; Lance-Jones and Landmesser, 1980). Interspecific variation is also present in the
formation and patterning of the peripheral nervous system in primates, with much of the
difference being present in the formation of the nerve bundles that innervate the limbs (Miller,
1934; Harris, 1939).

2.3.2. Peripheral nervous system anatomy
Nerves are the functional conduits of electrochemical impulses to and from the central
nervous system in animals (excluding the phylum Porifera) that exist outside of the brain and
spinal cord (Ruppert et al., 2004). The primary units of the nervous system in the body are
neurons (nerve cell bodies) and axons, along with their numerous supporting cell types. Neurons
are cells that intake, process, and output information via electrochemical signals, either from the
spinal column for efferent transmissions, or from peripheral regions of the body and from other
neurons (via neural network synapses) for afferent transmissions. Axons from the neural cell
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bodies in the anterior and lateral gray matter (motor) columns of the spinal cord control the
voluntary and involuntary motor movement of the body, respectively, and emerge in groups of
between two and eight ventral nerve rootlets (Rao et al., 1971; Sterling and Kuypers, 1967b;
Johnson et al., 2010). The limbs are innervated by axonal extensions of the lateral motor column
that are present only in the brachial and lumbar regions of the spinal cord (Hua et al., 2013),
which each further segregate into medial and lateral compartments during development. The
medial nerve branches typically innervate the flexor compartment muscles, while the lateral
nerves innervate the extensor compartment (Landmesser, 1978). Recent evidence suggests that
the neurons targeting the flexor compartment are plesiomorphic, and that extensor-specific
neurons were derived more recently (Machado et al., 2015; Jung et al., 2018).
The rootlets that arise from the ventral aspect of the spinal column combine to form a
ventral root, which constitutes the conduit for the large alpha-type motor axon signaling of
striated muscle that make up the majority of the neural mass. Other motor neuron types (gamma,
small diameter axons) also contribute to the ventral roots in smaller quantities than the largediameter alpha axons (Dykes and Terzis, 1981; Fabricius et al., 1994; Johnson et al., 2010),
though the root remains purely motor in function. Dorsal roots are comprised of sensory axonal
fibers from pseudo-unipolar cells that reside in dorsal root ganglia, but synapse in the dorsal horn
of the spinal column. All dorsal nerve roots contain a medial and lateral fascicle, both of which
connect with the posteriolateral sulcus of the spinal cord through several rootlets. Dorsal rootlets
are morphologically distinct from the ventral rootlets, as they often contain oblique connections
to adjacent rootlets (Pallie, 1959; Johnson et al., 2010). The majority of the axons in the dorsal
roots are small, both myelinated and unmyelinated, and primarily carry signals of nociceptive
and theromosensory information. Medium-sized mechanoreceptor axons from skin and deep
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joint segments, and large-sized fibers from muscle spindles are also present (Loeb, 1976;
Johnson et al., 2010). Ventral and dorsal rootlets travel laterally into the subarachnoid space,
where they are then enveloped in a sheath of arachnoid and dura mater, though they are each
maintained in separate compartments. Immediately distal to the dorsal root ganglia, the set of
dorsal and ventral roots in arachnoid and dural sheath mix in a common bundle, and exit laterally
through the intervertebral foramina, forming a mixed spinal nerve.
Thus, nerves are combined bundles of axons and supporting connective tissues that exist
in a common sheath (endoneurium), which form long projections from the body of a neuron
(nervous system cell) that directly interact with different body segments. Massed axons encased
in endoneurium combine into larger groups to form fascicles, which are in turn encased in
fibrous tissue perineurium. Bundles of fascicles are grouped together in epineurium to create a
spinal nerve. By definition, mixed spinal nerves exist outside the central nervous system of the
brain and spine, though analogous structures (nerve tracts) exist as intrinsic parts of the central
nervous system. Spinal nerves, which exist in bilateral pairs on either side of the vertebra, carry
both afferent and efferent fibers from the dorsal and ventral roots of the spinal column,
respectively. Voluntary efferent motor control, such as that used to actuate the skeletal muscle of
the limbs, is transmitted from the upper motor neurons in the motor cortex of the brain to lower
motor neurons in the ventral horn of the spinal column via the corticospinal tracts. The impulses
are then carried from the cell bodies in the lower motor neurons situated in the spinal column to
axon groups that then exit the spinal cord into the periphery of the body.
When exiting the intervertebral foramen, the mixed nerves split into dorsal and ventral
branches, typically referred to as dorsal and ventral rami. The dorsal rami generally proceed to
the dorsal aspect of the animal and provide motor and sensory innervation for the hypaxial
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muscles and dorsal skin correlated to a particular spinal segment dermatome. The ventral rami
emerging from the intervertebral foramina either directly innervate closely situated structures
(e.g., intercostal muscles) or combine their epineurium sheaths to form large nerve bundles
known as a plexus, fibers of which are developmentally correlated with distal target structures.
Ventral nerve rami that combine in a plexus generally mix with axons from other spinal levels
and are distributed to various terminal tissues.
Several types of motor neurons exist to conduct the signals of the subdivisions of the
peripheral nervous system. Somatic motor neurons innervate skeletal muscle via axons projected
from the central nervous system; branchial motor neurons (also called special visceral motor
neurons) conduct neural impulses to and from muscles derived from the branchial arches; and
visceral motor neurons (also called general visceral motor neurons) innervate smooth muscle and
cardiac muscle. Mixed spinal nerves carry all types of axons to their target structures, though
primary motor function of the limbs is conducted and controlled by impulses from somatic motor
neurons.

2.3.3. Peripheral Nervous system development
In developing embryos, the paraxial mesoderm differentiates into layers (myotome,
dermatome, sclerotome) which then become the bones, muscles, and skin (Sinha et al., 2012). As
the myotomes enlarge, they flank the neural tube and thereby make contact with the newly
developed ventral roots of spinal nerves. These nerves permanently connect to their myotome
pairings and continue to develop in concert; the nerve following the muscle during subsequent
migration via a myriad of biochemical signals (detailed below/above). The peripheral nervous
system is derived mostly from neural crest precursor cells that do not finish development until
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after birth. The cellular identity of each motor neuron type is determined by the Hox accessory
factor FoxP1 (Dasen et al., 2008; Dasen et al., 2009). Incorrect expression of these genes leads
to conversion of the motor neurons in the cervical and lumbar regions from their correct neuronal
type to an incorrect, but closely associated motor neuron type (Dasen et al., 2003). It is yet
unclear why mixed nerves such as in the brachial plexus form, and has in fact been a
longstanding, unresolved question of embryology and anatomy (e.g., Fürbringer, 1879; Paterson,
1887). Because neurogenesis is a complex developmental event, differences in timing of
expression for regulatory genes or chemoattractants may provide some explanation for the
variation seen within a species, and therefore a platform on which to assess structural homology
among taxa.
During development, a neuron sends out axons from its core, dubbed Pioneer Axons,
which follow a series of biochemical signals laid out by different distal tissues (muscle among
them) to guide the axon to its intended destination (Landmesser, 1978; Bonanomi and Pfaff,
2010). These signals include neurotrophic growth factors, slits proteins, netrins, ephrins,
semaphorins, and several cell adhesion molecules, which all work in concert to differentially
attract and repel the growth cone receptors on the pioneer axons, thereby guiding them with a
path of increased attraction in surrounding areas of higher resistance that lack such signaling
molecules (Dasen et al., 2008; Bonanomi and Pfaff, 2010; Hua et al., 2013). These signals, along
with internal growth compounds such as the enzymes in the Pl3K family, cause structural
changes in the developmental cytoskeleton which provide a microanatomical strut for the axons
to travel. Recent experimental research has provided some explanation about how the process of
axonogenesis (axon development, guidance, and integration with its target structure) occurs.
Guillon et al., (2016) find that slow twitch muscle fiber precursor cells (adaxial cells) lay down a
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collagen matrix “fingerprint” to guide neuromotor axon formation to the correct muscle fiber
group. Loss of the signaling genes that guide this collagen matrix in zebrafish leads to significant
disruption in axonogenesis, abnormal neuromuscular development, and impaired neuromotor
function. As humans and zebrafish share a common molecular signaling pathway for the process
of axonogenesis, this process can be presumed to be broadly conserved within tetrapods, but
these results have not been replicated across all major orders, and additional compensatory
pathways likely exist for axon formation that could (at least partially) facilitate neural cell
outgrowth and normal integration with the muscular system. Sensory fiber axons grow
secondarily into the limbs and use the previously established motor axon pathways for guidance
to form at their target structure. The complete guidance mechanism for pioneer axons is not fully
understood, but several hypotheses exist that are being actively explored. In humans, the nerves
that innervate the limb buds have a separate but correlated developmental sequence that occurs
during the 5th week of embryonic development (Abdala et al., 2015).
Most experimental studies suggest that nerves are very strongly integrated with their
normal muscular correlates, and that it is difficult to route a nerve (or more particularly, axons
from a specific root level in the spinal column) to a muscle that it does not normally supply (e.g.,
Lance-Jones and Landmesser, 1980; Ferguson 1983; Gibson and Ma, 2011; Bravo-Ambrosio et
al., 2012; Gullion et al., 2016). Several researchers have demonstrated that the outgrowth paths
of motoneuron axons and connections to their normal target muscle will be maintained
regardless of positional manipulation and/or transposition of tissues across different orders of
tetrapods, which suggests that these neural growth patterns are strongly conserved within limbed
vertebrates, though the process by which this is achieved is poorly understood and clearly
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involves the interplay of multiple guidance systems (e.g., Landmesser, 1978; Tesser-Lavigne and
Goodman, 1996; Pittman et al., 2008; Raper and Mason, 2010; Guillon et al., 2016).

2.3.4. Nerve plexuses of the peripheral nervous system
Limbs are derived from several adjacent segments of the developing body through a limb
bud, with lateral outgrowth of nerves forming in concert with the dorsal/ventral muscular
division, intertwining in a common macrostructure as needed to innervate both the flexor and
extensor compartments. As such, five major somatic motor nerve plexuses exist in tetrapods and
are defined by the location along the vertebral column from which they emerge, with two
corresponding directly to the limbs: cervical, brachial, lumbar, sacral, and coccygeal (also caudal
in tetrapods with tails). Each of these plexuses correspond to a region of musculature at least
partially adjacent to the spinal level they emerge from, though for the limbs, distal, non-adjacent
structures are also targeted. The cervical plexus provides sensory innervation to the anterior neck
and parts of the skin of the ear, scalp, and clavicle, as well as motor control for most of the
infrahyoid muscles. The brachial and lumbosacral plexuses (described in greater detail below)
are sequentially branching structures comprised of several spinal nerves in the axillary and
lumbar/pelvic regions, respectively, that innervate the limbs. The coccygeal plexus provides
sensory information from the skin of the coccygeal region of the pelvis. The caudal plexus
innervates the tail in vertebrates where the structure is present and is particularly important in
tetrapods with prehensile tails (Chang and Ruch, 1947). Each structure corresponds to an
enlargement of the spinal cord in the neural canal, which in turn strongly correlates with relative
muscle mass and numbers of muscles being innervated at each sequential body level (Ariëns
Kappers et al., 1936; Kusuma et al., 1979; Giffin, 1995).
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Neuromuscular units (or motor units) act as the functional component of the skeletal
muscle system and consist of a motor neuron and all the muscle fibers that are innervated by that
neuron. Multiple units may be innervated by the same nerve (or set of nerves), though the axons
within the nerves generally derive their fibers from separate groups of nuclei within the spinal
column. By their nature, plexuses are diffuse in their association with muscles in the periphery
(Nicholas and Barron, 1935; Bueker, 1945).

2.4. The brachial plexus
2.4.1. Anatomical definition
The brachial plexus (plexus brachialis) is a winding, inter-segmenting complex of several
spinal nerves that emerge from the intervertebral foramenae of the cervical and upper thoracic
vertebrae that provide innervation to the pectoral/shoulder girdle and the forelimb for taxa the
possess one. The brachial plexus is always bounded by the cervico-thoracic transition to rib
bearing vertebrae, its primary origin (i.e., highest contribution of nerve fibers from any spinal
root level) generally being proximal to the first thoracic vertebrae with several additional
contributions from adjacent vertebrae (Hirasawa and Kuratani, 2013). These nerves mix fibers
distally and provide axons from multiple spinal levels to their muscular or cutaneous targets.
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Figure 2.1. A) Diagram depicting the typical organization of the human brachial plexus and
surrounding structures. Medial ½ of clavicle has been removed, and pectoral muscles have been
reflected laterally from their sternocostal attachments. Axillary sheath has been opened. Image
modified from Color Atlas of Anatomy (Rohen et al., 2006). Blue = Roots and trunks, Green =
ventral divisions, cords, and terminal nerves, Yellow = dorsal divisions, cord, and terminal
nerves, Red = arteries. B) Diagram depicting the most common formation of the human brachial
plexus (Wikimedia Commons).
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Segment

Nerve

Roots

Long Thoracic

Trunk Upper
Cord Lateral

Cord Posterior

Cord Medial

Terminal point (in typical human)

Dorsal Scapular
Phrenic

Origin
C5C7
C5
C4-5

Suprascapular

C5-6

Supraspinatus, infraspinatus

Subclavian

C5-6

Subclavius muscle

Lateral pectoral

C5-7

Pectoralis major and minor

Musculocutaneous
Lat. root of
Median
Subscapular Upper
Subscapular Middle
(thoracodorsal)
Subscapular Lower

C5-7

Coracobrachialis, brachialis, biceps brachiii

Axillary

C5-6

Radial

C5-T1

Medial Pectoral

C8-T1

Med. root of
Median
Ulnar

Serratus anterior
Rhomboid major and minor, levator scapulae
Diaphragm

C5-7
C5-6

Superior subscapularis

C6-8

Latissimus dorsi

C5-6

Inferior subscapularis, teres major
Anterior deltoid (anterior branch, teres minor and middle/posterior)
deltoid (posterior branch)
Triceps brachii, supinator, anconeus, extensor carpi radialis longus
and brevis, extensor digitorum, extensor digiti minimi, extensor carpi
ulanris, abductor pollicus longus, extensor pollicus longus and brevis,
extensor indicis, brachioradialis
Pectoralis major and minor

C8-T1
C8-T1

Flexor carpi ulnaris, medial half of flexor digitorum profundus

Table 2.1. List of the most common segments, origins, and nerves, and terminal innervation
point derived from the human brachial plexus.
2.4.2. Brachial Plexus Development
The development of the non-human brachial plexus and limb is poorly understood
outside of several model research organisms such as rats (Peters and Muir, 1958; Jessen and
Mirsky, 2005; Paxinos and Ashwell, 2018), mice (Maden et al., 1989; Woldeyesus et al., 1999;
Tucker et al., 2001), zebrafish (Morin-Kensicki and Eisen, 1997), and chickens (Hamburger and
Hamilton, 1951, Lance-Jones and Landmesser, 1981a; Lance-Jones, 1988). These researchers
have succeeded in demonstrating that the aforementioned taxa, though widely separated in time
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since divergence from a common ancestor, share many developmental and mechanistic processes
for forelimb nerve development. Lance-Jones and Landmesser (1980) described how
motoneurons are specified for a particular terminal point both before and after the programmed
cell death that shapes the final form of the tetrapod limb. They argue that motorneuron axons
target specific muscle segments prior to outgrowth from the spinal column, an idea that has been
largely upheld by subsequent research (e.g., Guillion et al., 2016). Ferguson (1983),
experimentally corroborates this idea by demonstrating that nerve axons will rearrange
themselves within the spinal column (i.e., will move superior or inferior to their normal position)
to correspond to changes in muscle position rather than taking an alternate route in a more distal
segment of the nerve distribution, or innervating a different muscle that is more directly in line
with the nerve path. (see Figure 2.2).

Figure 2.2. A) Diagram depicting the distribution of nerves in an unmanipulated embryo; B)
Diagram depicting the distribution of nerves in an embryo that has had its limb artificially
rotated. Both diagrams depict the results of Lance-Jones and Landmesser, 1980.
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In the typical human embryo, nerve fibers begin to enter the forming limb bud by the
fourth week of gestation (Carnegie Stage 13), and brachial plexus proper begins to form by the
fifth week of gestation (Carnegie Stage 14) through an intertwining of the emerging roots
(Lewis, 1902; Piganiol, 1958; O’Rahilly and Gardner, 1975), chiefly situated in the spinal root
levels of C7-8 (Shinohara et al., 1990). Outward growth of nerves into the limb bud continues
through the early stages of embryonic development, reaching a recognizable, plexiform shape
complete with rudimentary terminal nerves by week 6 (Carnegie Stage 16) (Shinohara et al.,
1990). Three distinct branches are visible extending into the developing hand by approximately
day 40 of development (Carnegie Stage 17), and by approximately day 48 (Carnegie Stage 21)
the nerves of the arm, forearm, and digits of the hands are recognizable in a form similar to that
in an adult (Shinohara et al., 1990). These nerves continue to develop well after birth in terms of
axonal connections, particularly the process of pruning superfluous segments and in the strength
of neuromotor interaction with muscles, but the gross morphology of the brachial plexus is
determined by week 6 of gestation (Shinohara et al., 1990), and it is considered fully developed
by the 13th week of gestation (Uysal et al., 2003).
There are currently few reports on the developmental sequences of the limb neural
structures in non-human primates, though Trinchese (1870), Deniker (1884,1885), Köllmann
(1892a, 1892b), Selenka (1892, 1899, 1903), Wiedersheim (1901), Duckworth (1898, 1904), and
Keibel (1906, 1911) all made contributions to the understanding of monkey and ape embryology,
as synthesized by Schultz (1926). However, as Schultz (1926) notes, the majority of these studies
do not provide measurement or developmental timing data, and only occasionally provide
illustrations of dissections, thereby limiting their usefulness. No researcher listed above writes in
any depth about the peripheral nervous system. However, given the similarity in the biochemical
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pathways demonstrated in such diverse taxa as zebrafish and chickens, there is little reason to
suspect strong developmental differences in primates unless taxa are under selection to maintain
a particular plexus morphotype.

2.4.3. Interspecific anatomy and variation in the brachial plexus
In most vertebrates with forelimb appendages, some innervation is provided by a
combination of either occipital and spinal nerves (in fish), or in some combination of spinal
nerves from different levels (most tetrapods) (Ma et al., 2010). In tetrapods, where the neck has
been decoupled from the body, the brachial plexus is consistently organized around the most
caudal cervical and the most cranial thoracic vertebrae, commonly consisting of four or five
individual spinal nerves (Burke et al., 1995; Hirasawa and Kuratani, 2013). In amniote taxa, the
origin of the brachial plexus shifted with the (presumed) Hox duplication events that increased
the number of cervical vertebrae from the primitive five observed in basal synapsids to the seven
consistently seen in all but a few cynodont taxa (Giffin, 1995; Giffin and Gillett, 1996; Hirasawa
and Kuratani, 2013). The amniote brachial plexus generally exists with three pre-thoracic spinal
root contributions and one or two thoracic spinal root contributions, which have then been added
to in number as some taxa have increased their number of cervical vertebrae and subsequently
shifted the brachial plexus caudally (Hirasawa and Kuratani, 2013).
The brachial plexus in nearly all historically observed extant taxa have several cervical and at
least one thoracic root contribution (notable exceptions being several bird, turtle, and amphibian
taxa; see descriptions below, Table 2.2, and Appendix 1). No group is reported to have fewer
than two or three spinal root contributions, or more than nine or ten. The modal spinal root
contribution to the brachial plexus is highly clade-specific. Members of the clade Amphibia,
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which do not possess true ribs, receive the fewest brachial plexus roots of any tetrapod group,
particularly the Anuran frogs, which generally only receive contributions from their first three
spinal roots (Sp1-3), with the first spinal root generally observed to be miniscule (Harris, 1939).
Reptiles (i.e., Orders Crocodilia, Squamata, Testudines), are reported to typically have four
brachial plexus contributions which positionally correspond to their variable cervical vertebral
counts (e.g., modern crocodiles have nine cervical vertebrae and have a brachial plexus
consisting of four/five spinal nerves at positions C7-9 and T1/2) (Fürbringer, 1874, 1876, 1900;
Howell, 1936; Harris, 1939). Similarly, avian archosaurs (birds) are reported to typically exhibit
four brachial plexus root contributions, but their increased number of cervical vertebrae
compared to mammals affects the positional number of the roots; e.g., the common rock dove
has root contributions from C12/13-14/15 and T1 (Fürbringer, 1902; Franceschi et al., 2009),
while the common ostrich has root contributions from around C18-20 and T1 (Fürbringer 1902;
Harris, 1939; Pospiesznky et al., 2009).
Mammals, including both placentals (e.g., Bolk, 1902; Harris, 1939; Getty, 1975; Aslan,
1994; Backus et al., 2016) and monotremes (e.g., McKay, 1894; Harris, 1939; Koizumi and
Sakai, 1997), generally have five root contributions to the brachial plexus, though additional
cervical or thoracic contributions being common in particular clades (Hirasawa and Kuratani,
2013). Contributions from C5 through C8 are the most frequently reported cervical root values in
mammals, and T1 is the most commonly reported thoracic root value, though several clades
(including primates) regularly incorporate C4 and/or T2 in variable degrees. It is functionally
unclear what this pattern distribution may mean, but generally, mammals that rely more heavily
on shoulder-girdle musculature for locomotion appear to have brachial plexuses with larger
numbers of roots contributing overall, and with an increased mass for the more cranial nerves. In
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the three extant mammalian genera that are known to have cervical vertebrae numbers other than
seven (Bradypus with nine, Choloepus with six, and Trichechus with six [Giffin and Gillett,
1996; Endo et al., 2013]), the brachial plexus root numbers are variable relative to the patterns
listed above as typical.
Some research suggests that particularly sexually dimorphic species such as gray brocket
deer (Mazama gouazoubira) have structural dimorphism in plexus contributions between males
and females, which is interpreted to be due to enhanced muscle mass in the shoulder and pectoral
girdles in males of this taxon, who habitually engage in intrasexual competition over females
(Melo et al., 2007). Whether or not sexual dimorphism is present in the non-human primate
brachial plexus is not well documented, although a study of 10 Chacma baboons (Papio ursinis),
a species that exhibits considerable dimorphism, recovered no sex specific pattern in the brachial
plexus of six males and four females (Booth et al., 1997). Investigation of other highly
dimorphic primate taxa (e.g., Gorilla, Pongo, Mandrillus) is needed to evaluate this finding, and
could elucidate a functional correlation between nerve plexus structure and locomotor pattern,
especially where taxa have highly varied locomotor behaviors between the sexes such as the
amount of climbing performed by adult gorillas (Remis, 1995).
Primates, and particularly the apes (i.e., Hominoidea), are the only clade of animals in
which reports of the brachial plexus consistently note a contribution from C4, historically posited
to correlate with the amount of dexterous climbing the group exhibits (e.g., Miller, 1934; Harris,
1939). The literature varies on the likelihood of the C4 contribution being consistently present,
but it is not consistently reported in any other taxon of placental mammals, though Koizumi and
Sakai (1997) note its presence in both the platypus (Ornithorhynchus anatinus) and the echidna
(Tachyglossus aculeatus), and Harris (1939) reports finding it in several marsupials with
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different ecological specializations such as the Woylie (Bettongia penicillata), which habitually
digs for underground fungi (Garkaklis et al., 2004), and the highly arboreal Bennett’s treekangaroo (Dendrolagus bennetianus). However, it is worth noting that the presence of a root
contribution in any taxon does not necessarily emphasize its functional importance, particularly
in clades that have become highly derived away from the primitive mammalian limb plan (e.g.,
Artiodactyla). For example, the okapi is reported to have brachial plexus contributions from C68 and T1, but C6 and T1 are considerably smaller than C7-8, thereby likely providing only
minimal neural stimulus to the limb muscles (Solounias, 1999; Endo et al., 2009). Long-necked
animals typically exhibit a reduction or absence of the higher cervical contributions to the
brachial plexus, while shorter-necked animals (e.g., cetaceans) tend to show strong upper
cervical contribution from C4 (Harris, 1939; Chase and DeGaris, 1940). Where T2 contributions
occur, as are common in cercopithecoid monkeys, it is unclear what sorts of fibers (i.e., motor or
sensory) are primarily contributed by this connection.

Class

Order

Family

Genus

Actinopterygii
Amphibia

Anura

Pipidae

Aves

Caudata
Anseriformes

Ranidae
Cryptobranchidae
Anatidae

Apodiformes
Bucerotiformes
Caviiformes
Charadriiformes

Trochilidae
Bucorvidae
Gaviidae
Charadriidae

Falconiformes
Galliformes
Passeriformes

Falconidae
Phasianidae
Cardinalidae
Passeridae
Psittacidae

Rheiformes
Sphenisciformes
Struthioniformes

Rheidae
Spheniscidae
Struthionidae

Xenopus
Pipa
Rana
Andrias
Anas
Anser
Eucephala
Bucorvus
Gavia
Charadrius
Columba
Falco
Gallus
Cardnalis
Passer
Ara
Amazona
Rhea
Spheniscus
Struthio
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Most common
cervical root
formation
Oc1-2
Sp(1)2-3
Sp(1)2-3
Sp(1)2-3
Sp2-6
C14-15
C13-15
C11-14
C13-15
C13-15
C13-15
C13-15
C11-13
C13-15
C11-14
C11-13
C10-11
C8-11
C15-17
C13-15
C18-20

Most common
thoracic root
formation
Sp 1-5
n/a
n/a
n/a
n/a
T1-2(3)
T1
n/a
n/a
T1
T1(T2)
T1
T1-2
T1
n/a
n/a
T1-2
T1-2
T1
T1
T1

# of spinal roots
7
2-3
2-3
2-3
5
4-5
4
4
3
4
4-5
4
5
4
4
3
4
6
4
4
4

Chondrichthyes
Actinistia
Mammalia

Artiodactyla

Bovidae
Camelidae
Cervidae

Cetacea
Giraffidae
Giraffidae
Hippopotimidae
Tayassuidae
Tragulidae
Carnivora

Canidae
Felidae
Herpestidae
Mustelidae
Otariidae
Phocidae
Procyonidae
Ursidae

Chiroptera
Cingulata
Dasyuromorphia
Dermoptera

Pteropodidae (?)
Chlamyphoridae
Dasypodidae
Dasyuridae
Cynocephalidae

Didelphimorphia
Diprotodontia

Didelphidae
Macropodidae

Eulipotyphla

Phascolarctidae
Potoridae
Erinaceidae

Lagomorpha
Monotremata
Perissodactyla
Pilosa

Talpidae
Leporidae
Ornithorhynchidae
Tachyglossa
Equidae
Rhinocerotidae
Bradypodidae

Megalonychidae

Connochaetes
Bos
Camelus
Llama
Mazama
Hyelaphus
Blastocerus
Capreolus
Cervus
Odocoileus
Phocoena
Lagenorhychus
Giraffa
Okapia
Hippopotamus
Choeropsis
Pecari
Tragulus
Phacochoerus
Cerdocyon
Canis
Lycalopex
Felis
Panthera
Leopardus
Herpestes
Neovision
Martes
Lutra
Arctocephalus
Halichoerus
Potos
Nasua
Ailuropoda
Ursus
Helarctos
Rousettus
Chaetophractus
Dasypus
Dasyurus
Pleaurista
Cynocephalus
Galeopterus
Didephis
Dendrolagus
Macropus
Phascolarctos
Bettongia
Erinaceus
Atelerix
Talpa
Oryctolagus
Ornithorhynchus
Tachyglossus
Equus
Dicerorhinus
Bradypus
Bradypus
Bradypus
Bradypus
Choloepus
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Oc1-4
Oc1-3
(C6)C7-8
C6-8
(C6)C7-8
C7-8
C6-8
C6-8
C6-8
C6-8
C6-8
C6-8
C4-8
C4-8
C6-8
C6-8
C5-8
C6-8
C6-8
C6-8
C(5)6-8
C6-8
C6-8
C6-8
C6-8
C6-8
C6-8
C6-8
C6-8
C6-8
C6-8
C6-8
C6-8
C6-8
C6-8
C5-8
C6-8
C6-8
C5-8
C4-8
C5-8
C4-8
C5-8
C6-8
C6-8
C5-8
C(4)5-8
C5-8
C5-8
C(3)4-8
C5-8
C5-8
C6-8
C5-8
C(4)5-8
C4-8
C6-8
C5-8
C7-10
C8-10
C7-9
C4-8
C(4)5-8

Sp 1-11
Sp1-3
T1
T1-2
T1
T1-2
T1
T1(2)
T1
T1(2)
T1(2)
T1
T1(2)
T1(2)
T1
T1
T1
T1
T1-2
T1-2
T1(2)
T1
T1-2
T1(2)
T1
T1
T1
T1
T1
T1
T1-2
T1
T1-2
T1(2)
T1-2
T1
T1-2
T1-2
T1
T1
T1(T2)
T1-2
T1
T1-2
T1
T1
T1(2)
T1-2
T1
T1-2
T1(2)
T1(2)
T1
T1
T1(2)
T1-2
T1-2
T1-2
T1(T2)
T1-2
T1
T1
(T1)

15
6
4
5
4
4
4
4-5
4
4-5
4-5
4
9-10
9-10
4
4
5
4
5
5
4-6
4
5
5
4
4
4
4
4
4
5
4
5
4-5
5
5
5
5
5
6
5-6
7
5
5
4
5
5-7
6
5
7-8
5-6
5-6
4
5
5-7
7
5
6
5-6
5
4
6
5

Myrmecophagidae
Primates

Aotidae
Atelidae

Callitrichidae
Cebidae

Cercopithecidae

Cheirogaleidae
Galagidae
Hominidae
Hylobatidae
Indriidae
Lemuridae

Lorisidae

Proboscidea
Rodentia

Tarsiidae
Elephantidae
Caviidae
Chinchillidae
Cuniculidae
Dipodidae
Hystricidae
Muridae
Pedetidae
Sciuridae

Reptilia

Scandentia

Tupaiidae

Sirenia
Crocodilia

Trichechidae
Alligatoridae

Myrmecophaga
Tamandua
Aotus
Alouatta
Brachyteles
Ateles
Lagothrix
Leontopithecus
Cebus
Sapajus
Saimiri
Cebus
Papio
Colobus
Rhinopithecus
Macaca
Mandrillus
Cercopithecus
Papio
Semnopithecus
Nasalis
Chlorocebus
Microcebus
Otolemur
Galago
Pan
Gorilla
Pongo
Hylobates
Symphalangus
Hoolock
Propithecus
Avahi
Eulemur
Lemur
Varecia
Lepilemur
Perodicticus
Loris
Nycticebus
Tarsius
Elephas
Hydrochoerus
Cavia
Kerodon
Chinchilla
Cuniculus
Jaculus
Hystrix
Atheruru
Mus
Rattus
Pedetes
Petaurista
Callosciurus
Sciurus
Pteromys
Spalax
Tupaia
Urogale
Tupaia
Trichechus
Alligator
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C(4)5-8
C5-8
C5-8
C5-8
C5-8
C5-8
C5-8
C5-8
C5-8
C5-8
C(4)5-8
C5-8
C5-8
C5-8
(C4)C5-8
C5-8
C4-8
C5-8
C5-8
(C4)C5-8
C5-8
C5-8
C5-8
C5-8
C5-8
C4-8
C4-8
C4-8
C5-8
C5-8
C5-8
C5-8
C5-8
C5-8
C5-8
C5-8
C6-8
C5-8
C5-8
C5-8
C5-8
C4-8
C4-8
C5-8
C5-8
C6-8
C5-8
C5-8
C5-8
C6-8
C5-8
C5-8
C5-8
C5-8
C5-8
C6-8
C5-8
C5-8
C5-8
C5-8
C5-8
C(3-4)5-7(8)
C7-9

T1
T1
T1
T1
T1
T1
T1
T1(T2)
T1
T1
T1(2)
T1
T1-2
T1
T1
T1(2)
T1
T1-2
T1(2)
T1(T2)
T1-2
T1-2
T1-2
T1-2
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1
T1-2
T1(T2)
T1-2
T1-2
T1-2
T1-2
T1-2
T1
T1-2
T1
T1
T1-2
T1
T1-2
T1
T1
T1(-2)
T1
T1?
T1
T1(2)
T1
T1
T1(T2)
T1(T2)
T1(T2)
T1
T1(T2)

5-6
5
5
5
5
5
5
5-6
5
5
6
5
6
5
5-6
5
6
6
5-6
5-7
6
6
6
6
5
6
6
6
5
5
5
5
5
5
5
6
4-5
6
6
6
6
7
6
6
5
5
6
5
6
4
5
5
5
4-5
5
4-5
5
5
5-6
5-6
5-6
5
4-5

Rhynchocephalia
Squamata

Crocodylidae
Sphenodontidae
Agamidae

Chamaeleonidae
Cordylidae
Gekkonidae
Helodermatidae
Iguanidae
Phyllodactylidae
Scincidae
Teiidae
Varanidae
Testudines

Sarcopterygii

-

Cheloniidae
Emydidae
Testudinidae
Trionychidae
-

Caiman
Crocodylus
Sphenodon
Agama
Uromastyx
Draco
Calotes
Saara
Chamaeleo
Smaug
Gekko
Hemidactylus
Uroplatus
Heloderma
Phrynosoma
Iguana
Tarentola
Tiliqua
Chalcides
Lygosoma
Salvator
Varanus
Varanus
Eretmochelys
Trachemys
Stigmochelys
Pelodiscus
-

C7-10
C(7)8-9(10)
C6-8
C(6)7-8
C6-8
C6?, C7-8
C6-8
C6-8
C3-5
(C5)C6-8
C6-8
C6-8
C6-8
C(5)-8
(C5)C6-8
C6-8
C6-8
C6-8
C6-8
C6-8
C6-8
C7-9
C6-8
C6-9
C6-9
C7-10
C6-9
Oc1-3

T1
(T1-T2)
T1(T2, T3)
T1(T2)
T1
T1(T2)
T1(T2)
n/a
T1
T1
T1(T2)
T1(T2)
T1(T2)
(T1)
T1
T1
T1(2)
T1
T1
T1(T2)
T1
T1
T1
n/a
n/a
n/a
n/a
Sp1-3

5
4-5
4-6
4-5
4
3-5
4-5
3
4
4-5
4-5
4-5
4-5
4
4-5
4
4-5
4
4
4-5
4
4
4
4
4
4
4
6

Table 2.2. Summarized genus level cervical and thoracic (occipital where applicable) root
contributions for vertebrate taxa reported in the literature. List sorted alphabetically. Parentheses
are used to indicate polymorphic root level contributions. Full table with intraspecific variations
and citations presented in Appendix 1.
2.4.4. Intraspecific variation in the brachial plexus
To be useful, characters derived from any structure should be morphogenetically
coherent, independent, heritable, and objective (Kitching et al., 1998). Robust studies of
intraspecific variation are therefore necessary to understand if a structure can be reasonably used
to understand an animal’s evolution. While the general morphological trends for most tetrapod
groups are gradually understood through an accumulation of separate projects, literature
reporting on the tetrapod limbs do not emphasize dissection sample size or population-level
polymorphisms given the frequent paucity of specimens. It is therefore necessary to rely on some
of the more well-studied animals (e.g., humans, macaques) to hypothesize on the rates of
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variability in poorly sampled taxa in the absence of further studies. Documentation of
polymorphisms is important for understanding the variation in a structure and within a taxon and
is useful for phylogenetics (Wiens, 2004). In this sense, modern human comparative anatomical
and biomedical literature present a valuable set of data for understanding whether the brachial
plexus varies more-or-less than other soft tissue structures. Furthermore, many of the anatomical
terms that are used to describe the nerve plexuses (e.g., pre-fixed vs post-fixed) have their origin
in studies of human anatomy, and much of the comparative work done by classical anatomists is
couched in reference to the typical human morphology. As such, the most common human
brachial plexus morphotype must be discussed, and the less common variations covered in detail.
The human brachial plexus, as in other tetrapods, forms as a plexus of spinal nerves from
the mid-to-caudal cervical region and cranial-most thoracic region. Like other spinal nerves, the
individual proximal segments of the brachial plexus form from the combination of dorsal and
ventral roots, themselves the products of several dorsal and ventral rootlets that emerge from the
spinal cord. After combining in the intervertebral foramena, each resultant spinal nerve divides
into dorsal and ventral rami, the dorsal rami segmentally innervating some of the hypaxial
musculature of the neck. The ventral rami from each constituent nerve, most typically C5-C8 and
T1, emerge from the interscalene triangle between the anterior and middle scalene muscles
dorsal to the subclavian artery.
The human brachial plexus can be divided into several interconnected sections defined by
their relative position to the midline, the segmental interaction of nerves within the brachial
plexus via fiber crossing or separating, and association with surrounding structures in the deep
triangle of the neck, although anatomical and surgical naming conventions differ (Ferrante,
2004). The classically defined segments are roots, trunks, divisions, cords, and branches of
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terminal nerves. Roots are usually defined as the proximal most segment of the brachial plexus
where mixed fiber ventral nerve rami exit from the intervertebral foramen. The nerves persist as
roots until they begin to exit the interscalene triangle. The roots then normally form three trunks:
a superior trunk made of the most cranially oriented nerve roots (C5-6), an isolated intermediate
trunk (C7), and an inferior trunk that results from a combination of the most caudally oriented
roots (C8 and T1). Several terminal nerves are given off from the trunks, including the
suprascapular nerve and the nerve to the subclavius muscle. The trunks then typically split into
dorsal and ventral divisions, although the dorsal divisions are not true dorsal rami, as they
innervate epaxial musculature of the shoulder, not the intrinsic muscles of the torso. In humans,
these divisions do not typically give rise to any discrete terminal nerves. The divisions from each
trunk combine into a common epineural sheath, which forms cords at or around the level of the
clavicle, and are defined as medial, lateral, and posterior in their relation to the second segment
of the axillary artery. The lateral cord typically contains both sensory (from C6-7) and motor
fibers (from C5-7), and forms from the anterior divisions of the upper and middle trunks. No
sensory branches from C5 are contained within the brachial plexus (Ferrante, 2004). The lateral
cord gives off the lateral pectoral nerve and terminates in the musculocutaneous nerve and the
lateral head of the median nerve. The medial cord forms as a continuation of the inferior trunk
via C8-T1 and contains both sensory and motor fibers. It does not usually receive any divisional
contributions from divisions of the more cranial trunks. The medial cord gives off two cutaneous
nerves of the arm and terminates in a bifurcation between the medial head of the median nerve
and the ulnar nerve. The posterior cord is mainly a continuation of the middle trunk (C7), though
it receives the dorsal divisions of both the upper and lower trunks. It gives off the superior
subscapular nerve, the thoracodorsal nerve, and the inferior subscapular nerve (to the teres major
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muscle) before giving off the axillary nerve and becoming the radial nerve. The posterior cord
generally contains motor and sensory fibers from C5-8, and sensory fibers from C5-7 (Ferrante
and Wilbourn, 1995). Branches of terminal nerves from the point where the cords cease crossing
fibers and travel distally in a combined epineural sheath to innervate structures in the pectoral
girdle or forelimb. The nerves of the brachial plexus compartmentally innervate segments of the
forelimb, with the nerves arising from the dorsal segments supplying the majority of the
dorsal/scapular musculature, the lateral segments supplying the musculature of the arm and
majority of the forearm, and the medial most segments supplying some muscles of the forearm
and the majority of the intrinsic muscles of the hand.
On a microanatomical level, the distal segments of the brachial plexus and its terminal
branches differ from the anatomy of a non-plexiform spinal nerve in continents and distribution
of its fascicles. As the brachial plexus proper is an interwoven network, nerve fascicle diversity
increases as the plexus progresses distally into the axilla. In general, from roots to terminal
branches, the number of fascicles contained in any one segment increases, while the size of any
one fascicle decreases to accommodate the diversity of axons from different root levels (van
Geffen et al., 2009; Johnson et al., 2010). Roots are generally monofascicular, or oligofascicular
in some cases (Slingluff et al., 1987, 1996; Johnson et al., 2010). Trunks contain an intermediate
fascicle diversity and cords the largest amount. Additionally, the amount of extra-neural material
contained within the brachial plexus and its resultant nerves increases from proximal to distal,
where supporting fascia is strongly present in the most distal aspects of the plexus (Moayeri et
al., 2008). Bonnel (1984) reports finding 77% of the axillary nerve, 78% of the radial nerve, 73%
of the median nerve, and 86 % of the ulnar nerve as made up by interfascicular and/or
perifascicular connective tissue. In terms of axonal mass, C6, C7, and C8 generally make up
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approximately 75% of the neural tissue of the brachial plexus, with C5 and T1 making up the
remainder (Singluff et al., 1987; Ferrante, 2004). Bonnel (1984) notes that C7 consistently
presents with double the number of fascicles of any other root, which is interpreted as showing
the importance of C7 as what they dub the “key root” for the plexus. In terminal nerves, actual
axonal fibers may only make up 10% of the total structure mass, though total nerve fiber counts
are difficult to obtain. One study reports an average number of around 118,000 myelinated fibers
distributed throughout the plexus but does not report on non-myelinated fibers (Bonnel, 1984).
Through microanatomical dissections and histological sectioning, researchers have determined
the most common spinal root levels that contribute to any terminal nerve. Reports vary in the
specific contributions within each distal nerve, but generally only by one spinal root level above
or below the modal norm. For example, Bonnel (1984) reports that the n. ulnaris receives axonal
contributions from C7, C8, and T1, while Johnson et al., (2006) reports that C7 only variably
joins C8-T1.
As outlined above, a major concern when evaluating a structure for its phylogenetic
utility is its consistency within a taxon. Rates of variation in humans are well documented, and
polymorphisms of the brachial plexus have received much attention in surgical and physical
rehabilitation literature, as recognitions of and corrections for anatomical variants can greatly
impact post-operative surgical outcomes (e.g., Kaus and Wojtowicz, 1995; Aktan et al., 2001;
Adebisi and Singh, 2002; Jahanshahi et al., 2003; Matejčík, 2003; Pandey and Shukla, 2007;
Pellerin et al., 2010; Yogesh et al., 2010; Sinha et al., 2012; Khan et al., 2014; Leonhard et al.,
2016). Humans are therefore useful as a model for understanding how common polymorphisms
are in the peripheral nervous system, what the likelihood is that any one individual will exhibit
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the most typical morphology, and as a way to understand what types of variations are likely to be
present in different aspects of the PNS.
Most researchers agree that the typical brachial plexus in humans has contributions from
C5 to T1, though minor contributions from both C4 and T2 are noted to occur at variable
frequencies (e.g., Kerr, 1918; Harris, 1904; Wozniak et al., 2012). Harris (1904) and Wozniak et
al., (2012) report finding that T1 joined with the brachial plexus 82% and 96.4% of the time,
respectively. Johnson et al., (2010) reports that C4 contributions occur in nearly 50% of
specimens while contribution of T2 is reported much less commonly, on average in less than 5%
of cases (Johnson et al., 2010). Though various definitions exist regarding a general morphotype
for the human brachial plexus, where present, a plexus with C4 is classically referred to as prefixed, and post-fixed where T2 is present (often associated with a diminished or absent C4/5
(Sherrington, 1898; Pellerin et al., 2010; Chaudhary et al., 2012). See Table 2.3 below.
Polymorphism rates in the formation of individual nerves and the general layout of the
plexus are variably reported in the literature. Several studies indicate that the morphology of
certain aspects of the brachial plexus is consistent within humans at ~80% (Walsh, 1877; Kerr,
1918; Lee et al., 1992; Pandley and Shukla, 2007; Sinha et al., 2012), although some portions of
plexus appear to exhibit higher degrees of variance than others. Variations in the proximal
components (roots) of the plexus are reported to be relatively rare in terms of their pattern of
combination, where an upper, middle and lower trunk are formed from C5-6, C7, and C8-T1
respectively (Lee et al., 1992). However, there is disagreement on the overall rate of variability
in the plexus (Matejčík, 2003, 2005; Uysal et al., 2003; Wozniak et al., 2012). Khan et al.,
(2014) report that 66.6% of their findings in 60 adult plexuses exhibited a variant-free
morphology, while research on fetal humans indicates that that when considered as a single
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continuous structure, the brachial plexus exhibits polymorphisms in some 50% of cases (Uysal et
al., 2003; Wozniak et al., 2012). Leonhard et al., (2016) note 31 variations in the route the
brachial plexus takes through the interscalene triangle within a series of 130 dissections, the most
common of which is a single branch of the brachial plexus piercing the anterior scalene muscle.
The researchers do not report on variations of the brachial plexus itself, but only the routes of the
proximal nerve segments in relation to the neurologic condition of thoracic outlet syndrome.
However, these fetal studies do not account for the fact that a portion of the specimens may have
exhibited neurological defects leading to their abortions, and therefore must be considered
cautiously. Most researchers generally report finding a variation in some part of any given whole
brachial plexus (often in upwards of 50% of specimens), which has led some researchers to
suggest that variations of the brachial plexus are, in fact, a rule rather than an exception on an
expected anatomical norm (Matejčík, 2003, 2005; Pellerin et al., 2010). Most researchers agree
that there is no statistically consistent variation in the brachial plexus based on age, sex, or
ethnicity (Wozniak et al., 2012; Leonhard et al., 2016), though some anecdotally observe that
variations are more common on the left (Matejčík, 2005), or on the right (Uysal et al., 2003),
which suggests any perceived patterns are likely the result of sampling size issues.
“Anomalies” are commonly reported in medical journals, and are noted as potentially
being clinically important, but are generally not discussed in the broader context of possible
polymorphisms in humans. Common variations in the brachial plexus in humans and some nonhuman primates are most frequently described in the musculocutaneous nerve (Tountas and
Bergman, 1993; Choi et al., 2002), median nerve (Tsikaras et al., 1983; Choi et al., 2002;
Claassen et al., 2016), and subscapular nerves (e.g., Ballesteros and Rairez, 2007; Choi et al.,
2002). Leonhard et al., (2016) report “piercing variants” where an aspect of the brachial plexus
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travels through one of the (usually anterior) scalene muscles as common, occurring in 38.5% of
their cadaver sample. The researchers note a unilateral, single piercing event in 26.3 % of their
specimens, and a 12.3% bilateral piercing pattern, suggesting that the observed variations are
more often developmental anomalies than a meaningful pattern. Prakash et al., (2009) report that
in addition to its commonly observed innervation by the musculocutaneous nerve, the brachialis
muscle also receives innervation via the radial nerve in 72.14% of 140 dissected limbs and
suggest a dual innervation for the muscle. Mahakkanukrauh and Sopsarp (2002) also report a
dual innervation scheme for the brachialis muscle in 81.61% of their dissected specimens. In a
study of nerve fiber combination and direction for the suprascapular nerve, Yan et al., (1999)
report finding that when subjected to microdissection, nerve fibers from cranial and caudally
oriented nerves (e.g., C4, C5) exchanged fibers both ways where they shared an epineural sheath.
That is, they show that fibers can offer ‘recurrent’ branches to more cranial segments of the
brachial plexus, contrary to the common wisdom of nerve fibers only traveling distally/caudally.
In studies documenting the presence of T2, the frequency is generally reported between
zero and thirty percent of the population. Cunningham (1877) reports the presence of T2 in 72%
of the specimens he dissected, with the next highest percentage reported by Kerr (1918) at ~30%.
Some researchers have suggested that the incidence of T2 contributing to the brachial plexus
have been greatly underreported. Pellerin et al., (2010) report that 100% of their specimens
(n=150 plexuses) displayed a connection with T2, though 86% of connections occurred
extrathoracically through a communicating intercostobrachial nerve that pierced the costal
musculature. Where T2 does contribute to the plexus, evidence from histological and surgical
studies suggest it relays purely sensory fibers. Yokogawa et al., (2014) assessed the
postoperative motor function of the upper limbs in 16 patients following a total en bloc
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spondylectomy with bilateral transection of T2. The researchers found no degradation in motor
function in any of the patients that had lost connectivity of T2, but significant loss of function in
patients where more cranial segments of the brachial plexus had been transected (e.g., T1 and/or
any cervical spinal nerve root). Whether T2 has motor fibers in non-human primates is unclear
and is beyond the scope of this thesis to test.
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Percentage (0 to 1) present in specimens
Cadavers

Plexuses

C4

C5

C6

C7

C8

T1

T2

45

90

-

% "normal"

0.22

1

1

1

1

1

-

-

-

-

-

-

-

-

-

0.73*

-

125

250

-

1

1

1

1

1

-

0.588

-

-

-

-

-

-

-

-

-

-

50

100

0.41

1

1

1

1

1

0.04

-

-

0.65

-

-

-

-

-

-

-

30

60

-

1

1

1

1

1

0.05

-

37

-

-

1

1

1

1

1

0.73*

-

0.094

1

1

1

1

1

0.031

-

Adebisi and Singh,
2002
Adolphi, 1898
Arakawa, 1952a,
b; 1958
Bollini and
Wikinski, 2006
Bonnel, 1984
Brunelli and
Brunelli, 1991
Chaudary et al.,
2012
Cunningham, 1877
Emamhadi et al.,
2016
Fazan et al., 2003

32

64

23

55

0.24

1

1

1

1

1

0.04

0.72

Guday et al., 2016

20

40

0.175

1

1

1

1

1

0.075

0.75

Harris, 1904

30

60

0.5

1

1

1

1

1

-

-

Herringham, 1887

-

59

-

1

1

1

1

1

-

-

Hirasawa, 1928
Huailan et al.,
1999
Jachimowicz, 1925
Johnson et al.,
2010
Kawasaki, 1940a
Kawashima et al.,
2004
Kerr, 1918

-

-

-

-

-

-

-

-

0.16

-

3

6

0.333

1

1

-

-

-

-

-

218 p

218

0.28

1

1

1

1

1

-

0.555

Review

-

-

-

-

-

-

-

-

0.47

90

180

-

1

1

1

1

1

-

0.561

161

322

-

-

-

-

-

-

-

-

78

156

0.6285

1

1

1

1

1

0.3

-

Khan et al., 2014

30

60

-

1

1

1

1

1

-

0.66

Lee et al., 1992
Leonhard et al.,
2016
Loukas et al., 2007

76

152

0.217

1

1

1

1

1

-

0.77

65

130

-

-

-

-

-

-

-

0.523

75

150

-

1

1

1

1

1

1*

-

Matejick, 2005
Mori and Matusita,
1941a, b
Obara, 1958
Oliveira-Filho et
al., 2009
Ongoïba et al.,
2002
Prakash et al.,
2009
Rastogi et al.,
2013
Senecail, 1975

50

100

0.24

1

1

1

1

1

1*

-

100

200

-

1

1

1

1

1

-

0.56

100

200

-

1

1

1

1

1

-

0.495

5

10

0

1

1

1

1

1

0

1

23

46

0.304

1

1

1

1

1

-

-

70

140

-

-

-

-

-

-

-

-

38

74

-

1

1

1

1

-

-

-

-

-

0.35

1

1

1

1

1

-

-

Shetty et al., 2011

44

88

-

-

-

-

-

-

-

0.887

46

Sinha et al., 2012
Swindler and
Wood, 1973
Urbanowicz, 1994

20

40

0

1

1

1

1

1

0

0.875

-

-

-

1

1

1

1

1

-

-

69

138

0.261

1

1

1

1

1

0.07

0.735

Uysal et al., 2003
Uzun and Bilgic,
1999
Walsh, 1877
Wozniak et al.,
2012
Yamamoto, 1992

100

200

0.255

1

1

1

1

1

0.025

0.465

65

130

0.3077

1

1

1

1

1

0

-

350

-

1

1

1

1

0

110

220

0.236

1

1

1

1

0.018

-

227

-

-

-

-

-

1
0.9
64
-

-

-

Yan et al., 1999
Yan and
Horiguchi, 2000

-

6

0.3

1

1

-

-

-

-

-

24

48

0.23

-

-

-

-

-

-

-

0.8

Table 2.3. List of references with root contribution numbers present. Presence of nerve root in
each set of cadavers is listed between 0 (absent in all cases examined) and 1 (present in all cases
examined). Dash marks (-) indicate that the information was not provided by the reference. The
column ‘% “normal”’ indicates the reported percentage of specimens that conform to the most
commonly observed human morphotype of C5-8 and T1, with no significant variations in
structure as reported by the researchers. * refers to anomalous reports, where the researchers
maybe have used different criteria for inclusion of a nerve root into the brachial plexus, such as
an extrathoracic connection of T2.
Few studies of non-human primates have used large numbers of specimens, though there
are several notable exceptions where macaques are used as model organisms. Chase and DeGaris
(1940), in perhaps the largest study of its kind, report that 24% of 300 plexuses (150 specimens)
show some C4 contribution, while 48% present with a marked T2 contribution. Furthermore,
they note an overall consistency rate of 85%, asserting that the brachial plexus is an extremely
coherent structure both in terms of its root contributions and in its overall morphology. They
describe the remaining 15% of anomalous specimens as not consistent in the way they differ
from the normal morphology, and classify them among 14 variant types, suggesting that
developmental idiosyncrasies may be the cause of the aberrant morphologies (Chase and
DeGaris, 1940). Horiuchi (1942) reports 10.8% of a sample of 120 macaque plexuses (60
individuals) exhibit C4 contributions, while 68.3% exhibit T2 contributions. Ono (1936) reports
47

10% of a sample of 40 macaque plexuses (20 individuals) exhibit C4 contributions, while 62.5%
exhibit T2 contribution, and Sugiyama (1965) reports a 86.7% consistency rate in root
contributions (C5-T2), with the remaining specimens distributed evenly among three other root
contribution schemes. The finds of researchers demonstrating consistent root contributions
(though polymorphisms do exist in lower frequencies) show that the brachial plexus is likely as
consistent as other structures used for evolutionary studies, and therefore amenable for inclusion
in phylogenetic systematics. The observed differences among clades (e.g., higher frequency of
T2 contributions in Macaca than in Homo) suggests that there may be taxon-specific patterns
useful for character construction. Among non-primate placental mammals, recent research
suggests that primate polymorphism rates may be lower than those observed in other clades.
Backus et al., (2016) demonstrate the polymorphism rates in American minks (Neovision vision)
are high, with 62% of their sample exhibiting one or more variation in the entirety of the brachial
plexus, though their sample came from a single (presumably closely related) population of
minks.

48

Taxon

Source

Cadavers

Plexuses

C4

C5

C6

C7

C8

T1

T2

20

40

0.2

1

1

1

1

1

0.3

Callithrix jacchus

Rodrigues-Ribeiro et
al., 2005
Emura et al., 2017

6

12

0.16

1

1

1

1

1

0

Lagothrix lagotricha

Robertson, 1944

3

6

0

1

1

1

1

1

0

Lagothrix lagotricha

Cruz and Adami, 2010

1

2

0

1

1

1

1

1

0

Saimiri sciureus

Mizuno, 1969

37

74

0

0.92

1

1

1

1

0.15

Saimiri sciureus

Araújo et al., 2012

4

8

1

1

1

1

1

1

0

Macaca cyclopis

Sugiyama, 1965

30

60

0.08

1

1

1

1

1

0.91

Macaca cyclopis

Ono, 1936

4

8

Macaca cyclopis

Horiuchi, 1942

25

50

Macaca fascicularis

Ono, 1936

2

4

Macaca fascicularis

Ono, 1936

3

6

Macaca fascicularis

Horiuchi, 1942

8

16

Macaca fuscata

Horiuchi, 1942

1

2

Macaca mulatta

11

Macaca mulatta

Ono, 1936
Chase and DeGaris,
1940
Horiuchi, 1942

Papio anubis

Booth et al., 1997

Gorilla sp.

Cebus apella

0

1

1

1

1

1

0.25

0.08

1

1

1

1

1

0.62

0

1

1

1

1

1

0.5

0

1

1

1

1

1

1

0.19

1

1

1

1

1

0.44

0.5

1

1

1

1

1

0.25

22

0.18

1

1

1

1

1

0.86

150

300

0.24

1

1

1

1

1

0.48

25

50

0.08

1

1

1

1

1

0.86

10

20

0

1

1

1

1

1

1.00

1

2

1

1

1

1

1

1

0

1

2

1

1

1

1

1

1

0

Hylobates agilis

Hepburn, 1892
Koizumi and Sakai,
1995
Koizumi, 1980

2

4

0

1

1

1

1

1

0

Hylobates concolor

Koizumi, 1980

1

2

0

1

1

1

1

1

0

Hylobates lar

Koizumi, 1980
Koizumi and Sakai,
1995
Hepburn, 1892

6

12

0

1

1

1

1

1

0.25

3

3

0

1

1

1

1

1

0

1

2

1

1

1

1

1

1

0

Kusakabe et al., 1965
Koizumi and Sakai,
1995
Mizoguchi et al., 1967

1

2

1

1

1

1

1

1

0

4

4

1

1

1

1

1

1

0

4

8

0.75

1

1

1

1

1

0

Hepburn, 1892

1

2

1

1

1

1

1

1

0

Koizumi, 1980

4

8

0

1

1

1

1

1

0.13

Koizumi and Sakai,
1995

1

1

0

1

1

1

1

1

0

Macaca mulatta

Gorilla

Hylobates agilis
Pan troglodytes
Pan troglodytes
Pan troglodytes
Pongo pygmaeus
Pongo pygmaeus
Symphalangus
syndactylus
Symphalangus
syndactylus

Table 2.4. List of references with root contribution numbers present for non-human primate taxa.
Presence of nerve root in each set of cadavers is listed between 0 (absent in all cases examined)
and 1 (present in all cases examined). Modern taxonomic designations used for all literature
where junior synonyms are provided, e.g., the invalid species Macaca irus provided by Ono
(1936) is here listed as the valid Macaca fascicularis into which M. irus has been subsumed.
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2.5. Conclusions
The nerve plexuses are relatively stable structure that develop and function similarly
among many tetrapod clades. The most commonly observed brachial plexus root contribution
formula in tetrapods (C5-8 and T1) is far more common than other formulae. However, it is clear
that each order within Tetrapoda possesses a brachial plexus morphology that is clade-specific, a
fact at least partially related to a taxon’s cervical vertebrae count and locomotor regime. While
the brachial plexus is always centered around the cervico-thoracic transition, taxa with longer
necks generally exhibit shorter, more compacted brachial plexuses, and taxa with shorter necks
exhibit elongated brachial plexuses with more cervical root contributions, suggesting that
intervertebral foramen spacing may affect the ability of axons to project into a muscle from the
fixed location of the neural cell bodies in the spinal column. Likewise, the length of the lumbar
spine appears to dictate the number of root contributions to the lumbosacral plexus in tetrapods,
which is strongly constrained to form at the lumbosacral vertebral transition. Along with several
other clades, primates appear to derive away from the primitive mammalian condition through
the inclusion of at least one extra cervical root contribution, though the lumbosacral plexus
formula appears more variable relative to the average mammalian group. Such differences may
be consequences of adaptations to exploit different locomotor adaptive niches among primate
clades, a hypothesis that will be tested in this dissertation.
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Chapter 3 – Descriptive anatomy of the primate plexus brachialis
3.1 Introduction
In this chapter, I describe the general morphologies and patterns of the primate plexus
brachialis (brachial plexus) from my original dissections. I describe the most frequently
observed root contributions, mixing patterns, and distributions to muscle junction points in all
the taxa dissected for this project. I also describe common variation in specimens, and rates of
distribution, and consistency within and among taxa to establish a baseline for the observed rates
of polymorphisms in the neuromuscular system. 1
The potential explanations for observed patterns are not be addressed in this chapter, as it
is designed to lay out the descriptive anatomy that is key for establishing the evolutionary
framework for primate peripheral nerve complexes in Chapters 4 and 5. The figures presented
here are all from my original dissections, and are shown as edited, labeled color photographs of
primary dissections unless otherwise noted.
The complete list of specimens collected here including taxon, provenance, sex, age,
side(s) dissected is found in Appendix 5. An abbreviated specimen list is found in this chapter.
The Latin names derived from the Terminologia Anatomica (1998) for the structure under study
1

Segments of this chapter have been published as:

Diogo, R., Shearer, B.M., Potau, J.M., Pastor, J.F., Paz, F.J. de, Arias-Martorell, J., Turcotte, C.,
Hammond, A., Vereecke, E., Vanhoof, M., Nauwelaerts, S., Wood, B. (2017).
Photographic and Descriptive Musculoskeletal Atlas of Bonobos: With Notes on the
Weight, Attachments, Variations, and Innervation of the Muscles and Comparisons with
Common Chimpanzees and Humans. Springer.
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(plexus brachialis), its distal nerves, and associated hard and soft tissues, are used in this section
to formalize and standardize descriptions for future researchers. Other proper anatomical names
(e.g., truncus medius [plexus brachialis], incisura scapulae) are used in the text and given a
common English translation below (Table 3.1). When applicable, structure names commonly
used in the non-human anatomical literature (e.g., m. scalenus ventralis) are used
interchangeably with the accepted TA nomenclature (i.e., m. scalenus anterior) where muscles
are homologous.
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Latin
Plexus components
Plexus brachialis
Truncus superior (plexus brachialis)
Truncus medius (plexus brachialis)
Truncus inferior (plexus brachialis)
Fasciculus lateralis
Fasciculus posterior
Fasciculus medialis
Plexus cervicalis
Terminal nerves
N. phrenicus
N. dorsalis scapulae
N. suprascapularis
N. subclavius
N. thoracicus longus
N. pectoralis lateralis
N. pectoralis medialis
N. subscapularis superior
N. subscapularis inferior
N. thoracodorsalis
N. axillaris
N. radialis
N. musculocutaneous
N. medianus
N. ulnaris
N. cutaneous lateralis antebrachii
N. cutaneous medialis antebrachii
N. cutaneous medialis brachii
N. intercostobrachialis
Ansa pectoralis
Muscles
M. omoclavicularis/m. atlanto-clavicularis
M. rhomboidus major
M. rhomboidus minor
M. trapezius
M. sternocleidomastoideus
M. serratus anterior/ventralis
M. levator scapulae
M. latissimus dorsi
M. scalenus anterior/ventralis
M. scalenus medius
M. scalenus posterior/dorsalis
M. pectoralis major
M. pectoralis minor

English

TA98 entry

Brachial plexus
Superior trunk/Upper trunk
Middle trunk/Intermediate trunk
Lower trunk/Inferior trunk
Lateral cord
Posterior cord
Medial cord
Cervical plexus

A14.2.03.001
A14.2.03.004
A14.2.03.006
A14.2.03.006
A14.2.03.021
A14.2.03.023
A14.2.03.022
A14.2.02.012

Phrenic nerve
Dorsal scapular nerve
Suprascapular nerve
Subclavian nerve
Long thoracic nerve
Lateral pectoral nerve
Medial pectoral nerve
Upper subscapular nerve
Lower subscapular nerve
Thoracodorsal nerve
Axillary nerve
Radial nerve
Musculocutaneous nerve
Median nerve
Ulnar nerve
Lateral cutaneous nerve of the forearm
Medial cutaneous nerve of the forearm
Medial cutaneous nerve of the arm
Intercostal nerve, ventral ramus
Pectoral nerve loop

A14.2.02.028
A14.2.03.011
A14.2.03.014
A14.2.03.013
A14.2.03.012
A14.2.03.018
A14.2.03.017
A14.2.03.015
A14.2.03.015
A14.2.03.016
A14.2.03.059
A14.2.03.049
A14.2.03.024
A14.2.03.031
A14.2.03.040
A14.2.03.026
A14.2.03.028
A14.2.03.027
A14.2.04.006
-

Omoclavicularis muscle
Rhomboid major
Rhomboid minor
Trapezius
Sternocleidomastoid
Serratus anterior/ventralis
Levator scapulae
Latissimus dorsi
Anterior/ventral scalene
Middle scalene
Posterior/dorsal scalene
Pectoralis major
Pectoralis minor

A04.3.01.007
A04.3.01.008
A04.3.01.001
A04.2.01.008
A04.4.01.008
A04.3.01.009
A04.3.01.006
A04.2.01.004
A04.2.01.005
A04.2.01.006
A04.4.01.002
A04.4.01.006
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M. pectoralis abdominus/quatrus
M. deltoideus
M. supraspinatus
M. infraspinatus
M. triceps brachii
M. triceps brachii caput longum
M. triceps brachii caput laterale
M. triceps brachii caput mediale
M. dorsoepitrochlearis
M. teres major
M. teres minor
M. brachialis
M. biceps brachii
M. biceps brachii caput longum
M. biceps brachii caput breve
M. coracobrachialis
M. platysma
M. flexor carpi ulnaris
M. flexor carpi ulnaris caput ulnare
M. flexor carpi ulnaris caput humerale
M. pronator teres
M. pronator teres caput humerale
M. pronator teres caput ulnare
M. flexor digitorum profundus
M. anconeus
Mm. lumbricales (manus)
Mm. interossei palmares
Bones
Scapula
Spina scapula
Incisura scapulae
Fossa subscapularis
Fossa supraspinata
Humerus
Manubrium sterni
Corpus sterni
Costa
Antebrachium
Foramen intervertebrale
Processus spinosus
Pollex
Fossa cubitalis
Fossa infraspinata
Ligaments
Lig, costoclaviculare

Pectoralis abdominus
Deltoid
Supraspinatus
Infraspinatus
Triceps
Long head of the triceps
Lateral head of the triceps
Medial head of the triceps
Dorsoepitrochlearis
Teres major
Teres minor
Brachialis
Biceps
Long head of the biceps
Short head of the biceps
Coracobrachialis
Platysma
Flexor carpi ulanris
Ulnar head of the flexor carpi ulnaris
Humeral head of the flexor carpi ulnaris
Pronator teres
Humeral head of the pronator teres
Ulnar head of the pronator teres
Flexor digitorum profundus
Anconeus
Lumbricals of the hand
Palmar interossei

A04.6.02.002
A04.6.02.006
A04.6.02.008
A04.6.02.019
A04.6.02.020
A04.6.02.021
A04.6.02.022
A04.6.02.011
A04.6.02.010
A04.6.02.018
A04.6.02.013
A04.6.02.014
A04.6.02.015
A04.6.02.017
A04.2.01.001
A04.6.02.030
A04.6.02.031
A04.6.02.032
A04.6.02.025

Scapula
Scapular spine
Scapular notch
Subscapular fossa
Supraspinous fossa
Humerus
Manubrium of the sternum
Body/gladiolus of sternum
Rib
Forearm
Intervertebral foramen
Spinous process of vertebrae
Thumb
Cubital fossa
Infraspinous fossa

A02.4.01.001
A02.4.01.005
A02.4.01.015
A02.4.01.003
A02.4.01.007
A02.4.04.001
A02.3.03.002
A02.3.03.006
A02.3.02.001
A01.1.00.024
A02.2.01.008
A02.2.01.012

Costoclavicular ligament

A03.5.04.005
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A04.6.02.026
A04.6.02.027
A04.6.02.036
A04.6.02.023
A04.6.02.065
A04.6.02.067

A01.1.00.053
A01.2.07.010
A02.4.01.008

Lig. sternoclaviculare anterius
Lig.sternoclaviculare posterius
Retinaculum musculorum flexorum
Aponeurosis palmaris
Lig. transversum scapulae superius
Lig. transversum scapulae inferius
Arteries
A. subclavius
A. axillaris
A. circumflexa humeri posterior
Veins
V. subclavius
V. axillaris
V. circumflexa humeri posterior

Anterior sternoclavicular ligament
Posterior sternoclavicular ligament
Flexor retinaculum
Palmar aponeurosis
Superior transverse scapular ligament
Inferior transverse scapular ligament

A03.5.04.003
A03.5.04.004
A04.6.03.013
A04.6.03.012

Subclavian artery
Axillary artery
Posterior circumflex humeral artery

A12.2.08.001
A12.2.09.002
A12.2.09.017

Subclavian vein
Axillary vein
Posterior circumflex humeral vein

A12.3.08.002
A12.3.08.005
A12.3.08.009

A03.5.01.003
A03.5.01.004

Table 3.1. List of anatomical terms used in this chapter. The preferred Latin name as listed by the
Terminologia Anatomica (1998) is given along with the preferred English name. The - symbol
indicates no relevant entry in the Terminologia Anatomica (1998), as the structure is either not
present in humans, or is not consistently present enough to warrant entry.
It is important to emphasize that as no histological studies of nerve fiber contributions
were conducted for this study (cf. Aubert et al., 2003; Yan and Hitomi, 2004), all assignations of
root contributions to nerves, designated by the nerve number in brackets, e.g., (C5-6), are
predictions that remain to be tested based via other methods (e.g., microdissection, histology),
but are beyond the scope of this dissertation. Instead, designations of which spinal roots
comprise a nerve are here based on what nerve roots could have possibly contributed to the
distal, combined segment based on interconnection of epineural tissue. Where specimen
preservation allowed, each discrete nerve was followed to its terminal points in the forelimb. As
theoretical innervation patters do not always correspond with observed data, caution must be
taken with root level assignations (d’Avella and Mingrino, 1979).
Disagreement exists on how to define nerve homology, though it can be assessed through
origin point, contributing nerve fibers, or muscle specificity. Some researchers argue that a
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muscle or cutaneous patch is the functional end-organ of a nerve, while others maintain that the
true units of homology are not the macrostructures of the peripheral nervous system (Fürbringer,
1879), but rather the axons within sequential levels of the spinal column (Landmesser, 1980). As
a major aspect of this work is to determine the homology of nerves in the plexus brachialis
among species, and as robust hypotheses exists as to muscle homology based on independent
criteria (e.g., Diogo and Wood, 2011), I will here use nerve-muscle specificity as a base for
identifying and naming nerves (cf. Fürbringer, 1888; Straus, 1946, Minkoff, 1974). Where the
terminal point of a nerve is to a muscle generally considered homologous among taxa (by
function, position, or developmental origin), I will here refer to the supplying nerve by the same
name (e.g., the nerve that supplies the m. latissimus dorsi will always be named the n.
thoracodorsalis by this convention, regardless of its neural origin points). The most commonly
observed axon composition of each nerve within and among taxa will be discussed to make
assessments of homology in subsequent sections of this thesis.

3.2 Materials
The materials used in this dissertation are listed in Table 3.3. A total of n=79 individual
specimens from 20 genera were dissected by the primary researcher in part or in whole, for a
total of n=123 plexuses. Specimens were selected based first on availability, then subsequently
on completeness, lack of previous destructive selection to the limbs, and for preservation quality.
Age and sex were not considered in the specimen selection process due to the scarcity of
specimens, and as no consistently present differences have been observed in the brachial plexus
of humans by sex, age, side, or ethnicity (Wozniak et al., 2012). Any postnatal primate presents
the adult plexus morphology and distribution pattern, as the neuromuscular connections are well-
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established in any individual with discretely formed limbs (See Chapter 2 for description of the
developmental stages of the peripheral nervous system).
As there is some disagreement on the number and variabilities in the plexus brachialis
(see Chapter 2 for previously reported rates of variation within and among taxa), preferential
weight is given to my primary dissections where differences in accounts occur. However, all
available information from the literature is included in the “Notes” section for each taxon.
Variations are described in detail, and where sufficient numbers of specimens exist a relative
frequency of polymorphism appearance is listed. Root contribution consistency rates and
polymorphisms described in the literature are listed in Chapter 2.

3.2.1 Taxon and specimen description protocol
In the following section I detail the plexus brachialis morphology in the taxa dissected
for this study. Here an ‘archetype’ specimen for each taxon was selected to describe in extended
detail based on total assessment of plexus morphologies among all available specimens of a
species or genus. Variations in the other specimens of the same taxon is then described, the
frequency of each polymorphism is compiled, and the most common morphology seen in each is
summarized. Historical data are drawn on in the “Notes” portion of each taxon description.
A unique identification number was assigned to each specimen for use here that does not
correspond to its institution-given identification number following the pattern of “Institutional
abbreviation – Taxon abbreviation – Number in total taxon-specific specimen count”. For
example, a Cercopithecus albogularis specimen from the Tuttle Collection at the University of
Chicago receives the specimen ID of “UC-CA-1”, and a Pan paniscus specimen from the
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University of Antwerp that had an in-house designation of ZIMS-164047 is here referred to as
“AU-PP-1”. Taxa are described throughout the text in alphabetical order by their genus name.
The bonobo (Pan paniscus) specimens here were made available through a collaboration
with the University of Antwerp/Zoo Antwerpen and The George Washington University/Howard
University as part of the Bonobo Morphology Initiative.

The institutions that have provided access to specimens are abbreviated as follows:
Institution
Antwerp University, Belgium
Howard University
The Icahn School of Medicine at Mt. Sinai
Stony Brook University
University of Chicago
University of Illinois, Urbana-Champaign

Abbreviation
AU
HU
MS
SB
UC
UIUC

Table 3.2. Table of institutions where primate cadavers were accessed. Abbreviation codes
provided.
The taxon abbreviations are as follows. Additional information on each specimen is listed in the
chapter appendix:
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Genus
Aotus
Ateles
Cacajao
Callithrix
Cercopithecus
Cercopithecus
Cercopithecus
Colobus
Colobus
Galago
Gorilla
Hylobates
Lemur
Leontopithecus
Macaca
Mandrillus
Miopithecus
Nycticebus
Pan
Pan
Pongo
Saguinus
Saimiri
Symphalangus

species
trivirgatus
fusciceps
calvus
sp
albogularis/mitis
diana
neglectus
guereza
polykomos
crassicaudatus
gorilla
sp
catta
rosalia
sp
sphinx
talapoin
coucang
paniscus
troglodytes
pygmaeus
oedipus
scirueus
syndactylus

Abbreviation
AT
AF
CJ
CX
CA
CD
CN
CG
CP
GC
GG
Hsp
LC
LR
Msp
MS
MP
NC
PP
PT
PO
SO
SS
SY

n
3
1
1
3
1
1
1
2
2
1
3
7
2
2
5
2
10
2
6
12
7
3
1
1

np
5
2
1
5
1
2
2
4
4
2
5
12
3
4
9
4
18
3
7
19
11
5
2
1

Institution
HU, SB, UC
MS
UC
HU, UC
UC
UIUC
UC
SB
UC
SB
UC, SB
HU, SB, UC, MS
HU, SB
UC
UIUC, UC
UC
HU
UC
AU
AU, MS, HU, UIUC, UC
HU, SB, UC, MS
HU, UIUC
MS
AU

Table 3.3. List of the genera and species dissected for this study, their taxon abbreviation code,
number of specimens (n), number of individual plexuses (np), and institution that specimens
were housed at. Institution abbreviations: HU = Howard University (Washington D.C., USA),
SB = Stony Brook University (New York, USA), UC = University of Chicago (Illinois, USA),
MS = Mt. Sinai (New York, USA), UIUC = University of Illinois, Urbana-Champaign (Illinois,
USA), AU = University of Antwerp/Zoo Antwerpen (Belgium). See Appendix 4 for individual
specimen details.

3.3 Methods
The plexus brachialis of each primate used for this dissertation was primarily dissected
by the primary researcher. Where specimens exhibited any degree of pre-dissection, care was
taken to complete a dissection of said limb to expose the nerves of the dissected side in addition
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to the non-dissected side. Pre-dissection was common in the study material available, and
caution was taken to accurately demarcate nerve paths where damage may have occurred. This
measure was taken to ensure the previous dissector did not destroy any neural tissues, and to
measure bilateral variation in the peripheral nervous system of primates. Damaged or previously
dissected specimens were inspected and used to provide partial information where possible. See
Appendix 5 for details.

3.3.1 Dissection and data collection protocol
Specimens were ipsilaterally skinned on the side to be dissected along the midline. For
the plexus brachialis, the dissection proceeded from superficial to deep, reflecting muscles and
removing fascia to expose the nerve bundle. From the posterior aspect, the m. trapezius was
detached from its attachments to the cervical and thoracic processus spinous and reflected
laterally; it was further detached from the spina scapula where adherence existed in specimens;
the cranial attachment point was often cut to allow for full exposure of structures, leaving only
the lateral-most attachment point to the clavicula. Where present, the m. omoclavicularis (m.
atlanto-clavicularis) was separated at its clavicular attachment point and reflected superiorally.
The m. rhomboideus major and m. rhomboideus minor (where present), were then detached from
the medial border of the scapula and reflected laterally; special care was taken to preserve the n.
dorsalis scapulae at its cranial innervation point. The m. levator scapulae was detached from its
distal attachment point on the superior border of the scapula and was reflected superiorally. The
m. serratus anterior (ventralis) was detached from the anteriomedial border of the scapula and
pinned to the superficial surface of the thorax, thereby exposing the subscapular space. The m.
latissimus dorsi was detached from its various medial attachment points on the thoracolumbar
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fascia, spinous processes, and sacrum, and was reflected laterally. This allowed for maximum
mobility of the shoulder. When mobilized, the shoulder was rotated medially, and the fascia and
fat deposits were cleared from the surface of the plexus brachialis. From this aspect, the
fasciculus posterior and its derivatives were visible. The scalenus posterior was detached from
the costae and was reflected superiorally/rostrally to expose the deep segments of the plexus
brachialis. The n. scapulae dorsale was traced proximally to its origin, and care was taken to not
destroy proximal points of the n. thoracodorsalis where it arises from the dorsal aspects of the
roots. Root level was determined by counting the spinous process promontories or dissecting the
deep extensor musculature a primarily visualizing the radical arising from the foramen
intervertebrale.
From the anterior/ventral aspect, the m. pectoralis major was cut along the inferior/caudal
border, from its lateral attachments on the costae to the medial attachment on the corpus sterni; it
was then separated from its insertion on to the inferior/caudal aspect of the clavicle and reflected
laterally, taking care to preserve any nerves that pierce through from deeper layers. Where
present, the m. pectoralis abdominus was detached from its inferior/caudal attachment points on
the costae and reflected superiorally. The m. pectoralis minor was detached from its
inferior/caudal attachments on the costae and reflected superiorally/rostrally. The m. platysma
was detached from the superior/rostral surface of the clavicle and was reflected superiorally. The
m. sternocleidomastoideus was detached from its inferior/caudal attachment point and was
reflected superiorally, taking care to separate the underlying layer of investing fascia. The
clavicle was separated from the manubrium sterni by severing both the lig. sternoclaviculare
anterius et posterius and was raised to detach the m. subclavius and the lig. costoclaviculare
which were both reflected laterally. These steps mobilize the shoulder and allow for exposure of
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the plexus brachialis when the arm is rotated internally or externally. From the ventral aspect,
the fascia and fat were cleaned from the subclavicular space to expose the axillary sheath. The m.
scalenus ventralis and scalenus medialis were gently separated to expose the trunks of the plexus
brachialis and to determine both their root values and their trajectory. Arteries and veins were
observed for their relationship to the plexus brachialis and were then cleared from the dissection
field except where otherwise noted.
To follow the neural integration points distally, specific muscles were transected or
separated along nerve routes. From the dorsal aspect, and after the overlaying m. trapezius and
the posterior m. deltoideus fascia were reflected, the m. supraspinatus was separated from its
tendinous anchoring in the incisura scapulae to view the course of the n. suprascapularis. The
m. infraspinatus was then cut along the dorsomedial border of the scapula and the inferior/caudal
border of the spina scapula, so as to be reflected laterally to expose the infrascapular branch of
the n. suprascapularis as it passes through the incisura scapulae. The posterior aspect of the m.
deltoideus was cut in a transverse plane along the inferior border of the muscle, roughly
overlaying the surgical head of the humerus; additionally, the superior/cranial aspect of the
muscle was cut along its attachment to the scapular spine and reflected laterally. This exposes the
quadrangular space, and the branches of the n. axillaris. The caput longum et lateralis of the m.
triceps brachii were separated along their longitudinal seam toward the antebrachium to view
the route of the n. radialis and its branches. The m. dorsoepitrochlearis was separated from its
attachment from the superficial surface of the m. triceps. The m. teres minor was separated from
its cranial border with the m. infrascapularis, and its lateral attachment point to the humerus was
cleared.
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From the ventral aspect of the arm, the n. musculocutaneous was located (where present)
and followed to the m. coracobrachialis, where it either penetrated or passed underneath the
muscle. The m. biceps brachii was separated from its deep connection with the m.
coracobrachialis and the m. brachialis to follow the n. musculocutaneous as it entered the arm
flexors and gave rise to the n. cutaneous lateralis antebrachii. The nerves to the flexor
compartment of the forearm were traced distally after they penetrated the brachial neurovascular
bundle. The m. brachialis was moved aside (or transected where necessary) to expose the n.
radialis.
In the flexor compartment of the forearm, the muscles were freed from the antebrachial
fascial sheath and mobilized to locate nerve routes. On the medial side, the ulnar and humeral
heads of the m. pronator teres was isolated to view the location of the n. medianus. The proximal
bellies of the m. flexor carpi ulnaris, both caput ulnare and caput humerale, were also located to
view the location of the n. ulnaris as it proceeded into the hand. The retinaculum musculorum
flexorum was longitudinally transected to free its contents, and the aponeurosis palmaris was
removed to view the structures in the hand. The individual nerve branches to the mm.
lumbricales (manus) and mm. interossei palmares were identified and traced back to their
origins.

3.4 Descriptions
The following section is a set of descriptions on the anatomy of the plexus brachialis in
each taxon available here for primary dissection. Taxa are described to the most exclusive unit
available from the documentation provided by each collection. The standardized format applied
to each taxon is outlined in the Example section below (Section 3.4.1). The general morphology
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of the plexus and route of each main terminal nerve is described in detail for both ventral and
dorsal divisions. Taxa are listed in alphabetical order by genus and then by each species within a
genus (if present). Intraspecific (or where species are unknown, intrageneric) variation is detailed
for each additional member of each taxon, in each subsection, number of specimens per taxon is
denoted with “n=”, while number of individual plexuses dissected for a taxon is denoted with
“np=”. As both left and right plexus brachialis were not available for each specimen, the number
of plexuses is not always double the number of specimens. In each descriptive photograph,
colored pins are not significant designations of tissue type unless otherwise noted in the figure
description.
______________________________________________________________________________
3.4.1. Example
Number of specimens
n= 4, np= 6
Specimen list
Specimen 1, Specimen 2, Specimen 3, Specimen 4
Designated descriptive specimen
S1
Plexus brachialis descriptive anatomy for [S1]
Broad descriptive anatomy of plexus brachialis root structure, including formation point,
proximal plexus segments, overall branching patterns observed in descriptive specimen.
Ventral division motor nerves
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The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. cutaneus antebrachii
lateralis, n. medianus, n. ulnaris.
The n. thoracicus longus…
The n. thoracodorsalis …
The n. subscapularis superior…
The n. subscapularis inferior…
The n. axillaris…
The n. radialis…

Dorsal division motor nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus, n.
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
The n. thoracicus longus…
The n. thoracodorsalis …
The n. subscapularis superior…
The n. subscapularis inferior…
The n. axillaris…
The n. radialis…

Intraspecific polymorphisms of study specimens
Variations in Specimen 2
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Variations in Specimen 3
Variations in Specimen 4
Notes
Literature regarding descriptions and polymorphisms for this taxon
Summary
General characteristics for this taxon
______________________________________________________________________________
3.4.2. Aotus trivirgatus
Number of specimens
n = 3, np = 5
Specimen list
HU-AT-1; SB-AT-1; UC-AT-1
Designated descriptive specimen
SB-AT-1
Descriptive anatomy for designated specimen
The right plexus brachialis of SB-AT-1 converges in the interscalene triangle, between
the m. scalenus anterior and m. scalenus medius. The plexus brachialis comprised of nerve roots
C5, C6, C7, C8, and T1. These roots form three trunks: C5-C6 form the truncus superior, C7
forms the truncus medius, and C8-T1 form the truncus inferior. C5 branches into a dorsal and
ventral segment before completely joining C6. The dorsal segment gives rise to the n.
suprascapularis, which may only contain fibers from C5. This is difficult to discern in the
designated study specimen, as a thick band of epineurium overlays the truncus superior. The
truncus superior forms from the ventral division of C5 and the pre-division contribution of C6,
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where it is encased in a thick epineurium. The n. subclavius arises from the ventral aspect at the
junction of C5-6. The dorsal division of the truncus superior gives off the n. subscapularis
superioris and inferioris, and provides a contribution to the pseudo-fasciculus posterior, which
joins with contributions from C7, and further distally with contributions from C8-T1. The ventral
division provides fibers that join with the ventral aspect of C7 to form the fasciculus lateralis.
The truncus medius arises solely from C7 and persists for a distance before being joined by the
ventral division of C5-6. After this junction, the newly formed segment gives a posterior
contribution to the fasciculus posterior, and a ventral division that becomes the combined plexus
lateralis plexus brachialis. Soon after the dorsal division, the sole bundle of nerves to the pectoral
muscles rises from the ventral surface of the cord. It shortly thereafter gives off the n.
musculocutaneous from its ventral surface, and a short segment that becomes the lateral head of
the n. medianus. The truncus inferior forms from the roots of C8-T1 and persists undivided for a
significant distance before contributing to both the posterior division and the medial head of the
n. medianus through a combined bundle. This combined bundle is the only dorsal/ventral split in
this trunk. At the junction point for the combined n. medianus head and the dorsal division to the
fasciculus posterior, the ulnar nerve is given off. It only has the possibility of containing fibers
from C8-T1 given its directionality and lack of junctions with other nerve bundles.
Contrary to the descriptions in Mizuno (1966), each nerve segment appears to be
relatively equal in size, and there is no evidence of a pre- or post-fixed nature to the plexus
brachialis in this specimen. The axillary artery does not pass through the plexus brachialis in any
specimens observed here.
Ventral nerves
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The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. medianus, n. ulnaris.
-

The n. suprascapularis derives from the truncus superior, primarily from the mass of C5,
but with possible contributions from C6. However, this nerve appears to be the result of
an ‘early’ dorsal/ventral split of the divisions and may be more rightly described as a
component of the dorsal division of nerves. It travels laterally in a single bundle to
provide innervation to the m. supraspinatus via its deep surface, and continues on
through the incisura spinate, inferior to the lig. spinata, and innervates the m.
infraspinatus through its deep surface.

-

The n. pectoralis medialis is not a distinct nerve in this specimen. See the entry for n.
pectoralis lateralis.

-

The n. pectoralis lateralis is not a distinct nerve in this specimen, but a bundle that arises
from the fasciculus lateralis, potentially containing fibers from C5-7.

-

The n. musculocutaneous forms as a single segment at the split of the fasciculus lateralis,
the other segment being the lateral head of the n. medianus. It travels laterally, deep to
the long head of the m. biceps brachii, to embed itself in the m. coracobrachialis. Here it
splits into several branches, providing innervation to the flexor compartment of the arm.
It does not anastomose with the n. medianus and provides a cutaneous continuation into
the flexor compartment of the forearm via the n. n. cutaneous lateralis antebrachii. This
nerve is derived from C5-7.

-

The n. medianus forms from two heads: a lateral head derived from the fasciculus
lateralis (C5-7) at its split with the n. musculocutaneous, and a medial head (C8-T1) that

68

derives from the ventral division of the fasciculus medialis as it splits to further form the
n. ulnaris.
-

The n. ulnaris is solely derived from the fasciculus medialis, and only contains fibers
from the C8-T1 root contributions. It uncharacteristically runs with the n. thoracodorsalis
in a combined epineurium sheath until the latter nerve branches off to innervate the m.
latissimus dorsi. The n. ulnaris travels in a combined sheath with the n. medianus until it
branches medially in the distal third of the arm to pass behind the medial epicondyle of
the humerus. It then follows the normal route of distribution, where it passes into the
forearm via a gap through the humeral and ulnar heads of the m. flexor carpi ulnaris.
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1cm

Figure 3.1. Aotus trivirgatus (SB-AT-1) right plexus brachialis. Ventral view.
Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus, n.
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
-

The n. thoracicus longus receives rootlets from C6-8 which join and proceed dorsally
deep to the belly of m. scalenus medius. The nerve inserts itself into the superficial
surface of the m. serratus anterior where it provides motor innervation.
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-

The n. thoracodorsalis branches off the fasciculus medialis. It shares a common path
with the n. ulnaris before distally branching off into the m. latissimus dorsi, which it
innervates through that muscle’s ventral surface. Because of its distal origin on the
fasciculus medialis, it can only contain fibers from C8-T1.

-

The n. subscapularis superior exists as a series of three unevenly spaced nerves that
penetrate the ventral surface of the m. subscapularis. All branches arise from the dorsal
division of the truncus superior before it connects with the dorsal division of the truncus
medius. The cranial most nerves exist in a pair in proximity, each inserting into the m.
subscapularis an even distance in reflection to their origin. The third nerve inserts in the
lower third of the muscle, but still proximal/cranial to the n. subscapularis inferior.

-

The n. subscapularis inferior is independently derived from C5-6 (and possibly C7) and
does not share any origin with the n. subscapularis superior. The nerve is derived at the
junction point between the dorsal division of the truncus superior and the dorsal division
of the truncus medius, where C5-6 and C7 exchange fibers and combine to form the
lateral head of the n. radialis. It shares an origin point with the n. axillaris, with which it
travels laterally into the intermuscular septum between the m. subscapularis and the m.
teres major. It provides motor innervation to the latter through its cranial/ventral surface.

-

The n. axillaris arises independently from the n. radialis and is a branch of C5-7. It forms
at the junction between the truncus superior and the truncus medius before the lateral
head contribution to the n. radialis. It arises at the same point as the n. subscapularis
inferior, and travels laterally through the quadrangular space to innervate the anterior
2/3rd of the m. deltoideus via an anterior branch, and the m. teres minor and posterior
1/3rd of the m. deltoideus through a posterior branch.
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-

The n. radialis arises from two separate heads, the lateral from a continuation of the
dorsal divisions of the upper and truncus medius after their junction and distal to the
branching point of the n. axillaris, and the medial from the fasciculus medialis after it
gives rise to the n. ulnaris.

1cm

Figure 3.2. Aotus trivirgatus (SB-AT-1) right plexus brachialis. Dorsal view.
Intraspecific polymorphisms of study specimens
HU-AT-1
Overall, this specimen exhibits a very similar morphology to the designated descriptive
specimen. This specimen also exhibits the junction of the fasciculus medialis with the fasciculus
posterior as it gives off a ventral division as the medial head of the n. medianus. This distal
dorsal/ventral nerve split is uniquely seen in Aotus in this study.
72

1 cm

Figure 3.3. Aotus trivirgatus (HU-AT-1) right plexus brachialis. Ventral view. White bar
indicates 1 cm.

73

1cm

Figure 3.4. Aotus trivirgatus (HU-AT-1) right plexus brachialis. Dorsal view
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1cm

Figure 3.5. Aotus trivirgatus (UC-AT-1) left plexus brachialis. Ventral view.
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1cm

Figure 3.6. Aotus trivirgatus (UC-AT-1) left plexus brachialis. Dorsal view.
Summary
The plexus brachialis in Aotus trivirgatus is most frequently derived from C5-8 and T1
(3/3 specimens dissected here), though C5 primarily contributes to the n. suprascapularis, and
does not send significant mass to the more caudal parts of the plexus. These roots combined to
form three trunks, of which the caudal-most two form closely together apart from the truncus
superior. In turn these trunks form two true cords (medial and lateral) consistent with the typical
pattern seen in most primates. A pseudo-fasciculus posterior is formed by the combined dorsal
divisions rather than a true fasciculus posterior, as the n. axillaris is given off before the
combination of the dorsal divisions of the truncus superior and the truncus inferior. The plexus
is notably post-fixed, with larger root diameter in the caudal-most roots. The distal distributions
of nerves are typical in their formation for primates, in which there is a distal continuation of the
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separate cords and additional combination into the n. medianus. The lack of a significant
contribution from C5 appears to be a platyrrhine characteristic, though it is unclear what the
functional significance of this trait would be.

Notes
Bolk (1902) describes the plexus brachialis of Aotus (using the invalid junior synonym
Nyctipithecus) as having root contributions from C5-T1. Bolk notes that the n. phrenicus is
derived from C3-5. He also describes the pectoralis nerves (n. pectoralis medialis and n.
pectoralis lateralis) as not existing in their usual form, but instead existing as a single pectoral
stalk at the point where the upper and truncus medius meet. Bolk further corroborates the
findings above by describing the lack of an ansa pectoralis, and the failure of the axillary artery
to penetrate the plexus brachialis. Bolk describes the n. medianus as being derived from C7-T1,
n. ulnaris of fibers C8-T1, and the n. radialis of C6-T1. The m. rhomboideus receives
innervation from C4-6, the m. levator scapulae C4-5, and the m. serratus anterior C5-7. The n.
thoracodorsalis is noted to receive nerve contributions from C7-8, contrary to the fiber
composition in the primary study specimen used here.
Mizuno (1966) describes the plexus brachialis in a single owl monkey (Aotus
trivirgatus), which is noted to be composed of C5-T1, with a total lack of contribution from
either C4 or T2, and most the axonal mass coming from the middle nerve roots (C6, C7, or C8),
though the researcher did discover considerable asymmetry in overall nature of nerve
contributions between left and right. The researcher notes that the plexus overall is more of the
“post-fixed type”, with heavier axonal contributions from the more caudal nerves of the plexus, a
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condition also observed in the specimens studied for this dissertation, and a distinct characteristic
of Aotus among platyrrhines.
______________________________________________________________________________
3.4.3. Ateles fusciceps
Number of specimens
n=1, np=2
Specimen list
MS-AF-1
Designated descriptive specimen
MS-AF-1
Descriptive anatomy for designated specimen
The right plexus brachialis of MS-AF-1 is comprised of roots C5-T1, with no
contribution from the plexus cervicalis except through a connection of the n. phrenicus from C4
with rootlets from C5 and C6 in the plexus brachialis. This specimen exhibits an extremely
compact truncus superior that is primarily comprised of mass from the C6 root contribution, and
a minor addition from C5. This upper segment joins nearly immediately with the truncus medius,
which is comprised of C7. However, given that C5 mainly contributes to the formation of the n.
suprascapularis, and does not significantly add to the caudal elements of the plexus, C6-7 may
alternatively be regarded as a truncus superior, and the truncus medius may be considered
absent. The truncus inferior is formed by C8-T1, with no visible addition from T2. These trunks
are widely separated. The fasciculus lateralis is primarily comprised of the ventral division C7
with an addition from C6. The fasciculus medialis is a continuation of the ventral division of the
truncus inferior. Elements from each of these segments combine ventrally to form the n.
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medianus from two heads. The fasciculus posterior does not truly form, as the dorsal division of
C6 and C7 (possibly with C5) give off the n. axillaris prior to being joined by the dorsal division
of C8-T1.
The a. axillaris passes superficial to the medial head of the n. medianus, and deep to the
lateral head of the n. medianus to become the a. brachialis. The v. axillaris is superficial to the
axillary sheath. The left plexus brachialis strongly conforms to the pattern described for the
right.
Ventral nerves
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. medianus, n. ulnaris.
-

The n. suprascapularis arises from the ventral division of the truncus superior (c5-6) and
shares a common stalk with the n. subclavius. The n. suprascapularis travels laterally to
pierce the m. supraspinatus, where it provides innervation before continuing through the
supraspinatus notch. After travelling through the notch, it proceeds caudally and provides
innervation to the m. infraspinatus via the deep surface of the muscle.

-

The n. pectoralis medialis was not preserved in this specimen due to previous dissection.
Bolk (1902) shows it arise from the medial trunk and joins with the n. pectoralis lateralis
in an ansa pectoralis, where it contains fibers from C8.

-

The n. pectoralis lateralis forms from the ventral aspect of the fasciculus lateralis, just
distal to the junction of the ventral divisions of the truncus superior (C5-6) and the
truncus medius (C7). It quickly bifurcates, with on segment piercing the clavicular head
of the m. pectoralis major. The second head was destroyed in this specimen and cannot
be confidently traced to an innervation point.
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-

The n. musculocutaneous arises as a single branch that continues from the fasciculus
lateralis of the plexus brachialis, primarily from the spinal root of C7, though it may also
contain fibers from C5-6 as they join the cord proximally to the formation of the terminal
nerve. The nerve partially pierces the m. coracobrachialis, with one branch diving
directly into the muscle and terminating in the flexor compartment of the arm, and
another travelling dorsally to it and travelling laterally to become the n. cutaneous
lateralis antebrachii, which continues on into the forearm to provide cutaneous sensation.

-

The n. medianus forms from two heads in the axillary sheath. The lateral head forms
primarily from the fasciculus lateralis, itself a combination of the ventral division of the
truncus medius (C7) and combined truncus superior (C5-6), at the split with the n.
musculocutaneous. The medial head forms from the ventral division of the fasciculus
lateralis (C8-T1), near the split with the n. ulnaris

-

The n. ulnaris forms as a continuation of the fasciculus medialis, a combination of the
ventral divisions of C8-T1. It travels behind the distal tendon of the m.
dorsoepitrochlearis, where it then enters the brachial neurovascular sheath and proceeds
into the forearm behind the medial epicondyle of the humerus.
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1cm

Figure 3.7. Ateles fusciceps (MS-AF-1) right plexus brachialis. Ventral view.
Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis.
-

The n. thoracicus longus forms from rootlets originating on the dorsal aspect of C6 and
C7. This nerve lays dorsal to the plexus brachialis and forms deep to the m. scalenus
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medius. The nerve pierces the distal-most (costal) aspect of the m. scalenus medius,
where it then inserts into the superficial surface of the m. serratus anterior to provide
innervation.
-

The n. thoracodorsalis arises from the caudal portion of the proximal-most aspect of the
pseudo-fasciculus posterior, at the junction of the dorsal divisions of the truncus medius
and truncus inferiors. The nerve travels directly into the deep surface of the m. latissimus
dorsi as a single, non-bifurcating structure, where en route it receives a small contribution
from the caudal-most portion of the ventral division of the fasciculus medialis, possibly
providing fibers from T1. It likely contains fibers from the lower portion of the plexus
given its branching point (estimated C7-8, possibly T1). Bolk (1902) suggests its fiber
origin as C7-8.

-

The n. subscapularis superior exists as a complex of three stout nerves that segmentally
supply the m. subscapularis via its costal surface. The nerves arise from the dorsal
division of the truncus superior (C5-6) in evenly spaced segments, and insert into the
muscle in the upper, middle, and lower third.

-

The n. subscapularis inferior is a single nerve that arises from a shared junction with the
n. axillaris. It travels into the intermuscular septum between the caudal edge of the m.
subscapularis and the cranial edge of the m. teres major, where it provides innervating
fibers to the latter muscle.

-

The n. axillaris derives directly from the dorsal division of the combined upper and
truncus medius, and as such may contain fibers from C5-7, contrary to the findings of
Bolk (1902). It travels into the quadrangular space with the a. and v. circumflexa humeri
posterior, where it splits into a dorsal and ventral branch. The dorsal branch innervates
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the posterior 2/3rds of the m. deltoideus and the m. teres minor, and the anterior branch
innervates the anterior 1/3rd of the m. deltoideus.
-

The n. radialis forms as a confluence of the combined dorsal divisions of the upper (C56) and middle (C7) trunks, and the dorsal division of the truncus inferior (C8-T1). It
travels into the extensor compartment of the arm between the m. triceps brachii caput
longum et medialis.

Intraspecific polymorphisms of study specimens
MS-AF-1 was the only specimen of this taxon available for dissection.

Summary
The plexus brachialis of Ateles fusciceps has limited documentation in the literature,
though the previous dissections of Bolk (1902) and Miller (1934) both agree that the plexus is
formed from C5-T1. This pattern is supported by the primary dissections done for this thesis.
However, the morphology found here is somewhat abnormal for the classic pattern noted in other
Ateles specimens described by Bolk (1902) or as depicted in Kawashima et al., (2009), as it
exhibits two trunks rather than three. The cords and terminal nerves conform to the pattern
observed in other primates, and particularly with those in platyrrhines, which exhibit a small C5
contribution, a lack of significant C4 or T2 contributions, and a generally conservative form.
On a gross morphological basis, the plexus brachialis of Ateles does not resemble the
plexus in any hylobatid taxon more closely than it does other platyrrhines, despite the significant
convergent evolution in the locomotor modes and musculoskeletal anatomy between these
groups.
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Notes
Bolk (1902) depicts the plexus brachialis of Ateles belzebuth as arising form C5-T1, with
no contributions from the cervical plexus other than through the n. phrenicus. He illustrates three
primary trunks: a truncus superior made up mostly of C6 with a miniscule contribution from C5
that appears to only provide fibers for the n. suprascapularis. Three cords are noted for form
normally, though the n. axillaris appears to derive from the dorsal division of the truncus
superior rather than from the combined upper and truncus medius as seen in the study specimen
used for this thesis. Furthermore, the researcher describes the m. levator scapulae as receiving
innervation from C4-5, with the rhomboids receiving innervation from only C5, m. serratus
anterior receives two rootlets from C6 and C7.
Miller (1939) depicts the a. axillaris as splitting the heads of the n. medianus, traveling
superficial to the fasciculus medialis and deep to the fasciculus lateralis to occupy the space
superficial to the fasciculus posterior.
______________________________________________________________________________
3.4.4. Cacajao calvus
Number of specimens
n= 1, np=1
Specimen list
UC-CJ-1
Designated descriptive specimen
UC-CJ-1
Descriptive anatomy for designated specimen
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The left plexus brachialis of Cacajao calvus (UC-CJ-1) converges in the interscalene
triangle between the m. scalenus ventralis and the m. scalenus medius and is comprised of nerve
roots from C5-T1, with no apparent contributions from C4 other than through a contribution
from the plexus cervicalis to the n. phrenicus. There is no apparent contribution from T2 other
than through the n. intercostobrachialis outside the axillary sheath, which is not considered here
as an intrinsic part of the plexus brachialis. No elements are observed to pierce either the m.
scalenus ventralis or m. scalenus medialis. The nerve roots only travel a short distance before
combining into three stout trunks. The truncus superior is comprised of C5-6, though C5 is
notably small in its contribution, and appears to primarily add to the formation of the n.
suprascapularis. The truncus medius is comprised of C7 alone, and the truncus inferior is
comprised of C8-T1. The truncus superior sends a combined dorsal/ventral branch to the truncus
medius C7, forming the fasciculus lateralis via the ventral contribution and an aspect of a
pseudo-fasciculus posterior via the dorsal aspect. The truncus inferior composed of C8-T1, and
only persists alone for a short distance before receiving a contribution from C7 to form the
fasciculus medialis. No true fasciculus posterior is formed, as the n. axillaris splits off from the
combined upper/truncus medius before it meets with the dorsal division of the truncus inferior.
Instead, short medial and lateral heads analogous to those forming the n. medianus combine on
the dorsal aspect of the plexus brachialis to form the n. radialis. The right plexus brachialis was
not preserved in this specimen and was therefore unavailable to compare consistency rates.
Ventral division motor nerves
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. cutaneus antebrachii
lateralis, n. medianus, n. ulnaris.
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-

The n. suprascapularis forms from as a stout branch from the combination of C5-6 and is
likely the primary distribution point for axons originating at C5. It is singular in origin
and does not bifurcate before entering the septum deep to the m. supraspinatus. It gives
off small muscular branches to the m. supraspinatus before it travels through the incisura
scapulae inferior to the lig. transversum scapulae to innervate the m. infraspinatus
muscle through its ventral surface.

-

The n. pectoralis medius arises from the ventral division of the truncus inferior (C8-T1).
The nerve bundle passes under the v. axillaris and loops into the costal surface of m.
pectoralis medialis, which it does not pierce. Instead, a small secondary branch passes
around the lateral surface of the muscle to provide innervation to the deep surface of the
m. pectoralis major. No ansa pectoralis is formed with the m. pectoralis lateralis.

-

The n. pectoralis lateralis arises from the ventral division of the truncus superior (C5-6)
and directly innervates both the m. pectoralis major and minor. No ansa pectoralis is
formed with the n. pectoralis medialis.

-

The n. musculocutaneous forms as a continuation of the fasciculus lateralis, which
receives contributions from the ventral division of the combined truncus superior (C5-6)
and C7.

-

The n. medianus forms from two heads: the lateral head is derived from the fasciculus
lateralis (C5-7, though mainly C7 in its overall mass) and the medial head is derived
from the fasciculus medialis (C8-T1). It travels with the n. ulnaris into the arm in the
fascial septum between the m. biceps brachii and the m. brachialis. Distally in the arm, it
does not pierce the m. pronator teres heads, though it receives a small communication
from the n. ulnaris in the wrist superficial to the m. pronator quadratus. In the hand it
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supplies the lateral two mm. lumbricales and gives sensory branches to the lateral three
digits.
-

The n. ulnaris is derived from the fasciculus medialis as a continuation of the truncus
inferior, though it forms distal to a shared surface with the ventral division of the truncus
medius and may contain fibers from C7-T1. It shares a common origin point with the nn.
Cutaneous medialis brachii and antebrachii.

1cm

Figure 3.8. Cacajao calvus (UC-CC-1) left plexus brachialis. Ventral view.

Dorsal division motor nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus, n.
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
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-

The n. thoracicus longus is derived from three rootlets that combine to form the nerve.
The dorsal aspects of C6-8 each give a rootlet to the bundle, which passes deep to the m.
scalenus dorsalis to innervate the m. serratus anterior from its superficial surface.

-

The n. thoracodorsalis arises as a branch of the dorsal divisions of C7-8 as they combine
into a pseudo-medial head for the n. radialis. It is unlikely that the nerve contains fibers
from T1 based on its point of origin. It forms as a single nerve but bifurcates along its
route before inserting into the costal surface of the m. latissimus dorsi, for which it
provides the sole innervation.

-

The n. subscapularis superior is a complex of three, even stratified nerves that arise from
the combined dorsal divisions of the truncus superior and truncus medius (C5-7). The
upper-most nerve likely only derives fibers from C5-6, while the lower two contain the
full complement of fiber contributions.

-

The n. subscapularis inferior is a separate nerve from the n. subscapularis superior,
existing further distally along the combined dorsal divisions of the truncus superior and
truncus medius, and likely contains fibers from C5-7. It inserts into the intermuscular
septum between the caudal-most aspect of the m. subscapularis and the cranial-most part
of the m. teres major, where it supplies innervation to both.

-

The n. axillaris branches from the posterior division of the combined upper and truncus
medius (C5-7), where it shares a common origin with the n. subscapularis inferior. The
nerve passes laterally into the quadrangular space, deep to the m. deltoideus, where it
splits into a posterior and anterior branch. The anterior branch innervates the ventral
2/3rds of the m. deltoideus, while the posterior branch innervates the dorsal 1/3rd of the
muscle and provides a small branch to the m. teres minor.
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-

The n. radialis is a continuation of the dorsal division of the truncus inferior with a
contribution from the combined truncus superior and truncus medius. The nerve likely
contains fibers from the entire plexus brachialis, C5-8 and T1. It does not form from a
proper fasciculus posterior, as the a. axillaris branches off before the combination of the
truncus superior/truncus medius. The n. thoracodorsalis arises along its length, and
several small branches are given off to the m. dorsoepitrochlearis and the m. triceps
brachii. The nerve continues into the arm through the lower triangular space, winding
around to the lateral side of the arm distal to the m. deltoideus tuberosity.

1cm
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Figure 3.9. Cacajao calvus (UC-CC-1) left plexus brachialis. Ventral view.
Intraspecific polymorphisms
There were no other specimens of this taxon available for this study.

Summary
The left plexus brachialis of UC-CJ-1 appears to conform to a general platyrrhine pattern, with
contributing roots from C5-T1. C5 is typically small, as observed in other platyrrhines, and does
not significantly contribute to the elements of the plexus beyond the n. suprascapularis. This
plexus is post-fixed in appearance, with much greater mass contributed by the caudal elements,
and C7 comprising the majority of the lateral elements. No true fasciculus posterior is formed.

Notes
There are no published reports of the Cacajao plexus brachialis.
______________________________________________________________________________
3.4.5. Callithrix sp.
Number of specimens
n=3, np=5
Specimen list
HU-CX-1, HU-CX-2, UC-CX-1
Designated descriptive specimen
HU-CX-1
Descriptive anatomy for designated specimen
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The left plexus brachialis of HU-CX-1 converges in the interscalene space between the
m. scalenus anterior and m. scalenus medialis and is comprised of roots from C5-T1. C5-6 form
the truncus superior, C7 alone forms the truncus medius, and C7-T1 form the truncus inferior.
The truncus superior forms within the interscalene triangle, and the n. suprascapularis is given
off immediately upon the bundle’s exit from this space. The truncus superior sends a ventral
branch to become the n. musculocutaneous and n. medianus, and its inferior aspect combines
with C7 soon after emerging from the interscalene triangle to become a truncus superior. C7
forms a single truncus medius that immediately splits into ventral and dorsal branches upon
exiting the interscalene triangle. The dorsal branch joins with the dorsal division of the truncus
superior to form the lateral aspect of a pseudo-fasciculus posterior, and the ventral branch joins
with the ventral branch of the truncus superior to form the fasciculus lateralis. No true fasciculus
posterior is formed this specimen, as the n. axillaris is given off before the junction of the medial
and lateral contributions from the truncus superior and truncus inferior. The majority of the n.
pectoralis lateralis is given off from the ventral surface of C7. However, the morphology of C7
ambiguous: it is shortened to the point where some may consider it to not fit the anatomical
definition of a proper truncus medius, but rather that it combines with C5-6 to form a truncus
superior, leaving only C8-T1 to form the truncus inferior. The other specimens studied here have
a distinct truncus medius formed by C7, and therefore the condition seen in HU-CX-1 is likely
idiosyncratic. C8-T1, combine within the interscalene space to form the truncus inferior. This
trunk persists for some distance outside the interscalene space, first giving off the n. pectoralis
medialis from its ventral surface, and then contributing the medial head to the n. radialis through
a dorsal division. The ventral division of the truncus inferior continues on, splitting to become
the medial head of the n. medianus and the main body of the n. ulnaris.
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In this specimen, the n. phrenicus appears to derive most of its body from C5, with no
contribution from C6. The contributions from the plexus cervicalis are unclear, but some are
presumably present following the typical mammalian condition. The right plexus brachialis
forms much in the same way as the left, with no significant variations in root contribution or
overall structure.
Ventral nerves
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. cutaneus antebrachii
lateralis, n. medianus, n. ulnaris.
-

The n. suprascapularis (C5-6) is the first branch off the truncus superior, arising
immediately after the nerves emerge from the interscalene triangle. The nerve courses
laterally through the incisura scapulae to innervate the m. supraspinatus. After providing
branches to this muscle, the nerve continues on through the incisura scapulae inferior to
the lig. transversum scapulae superior to innervate the m. infraspinatus through its
ventral surface.

-

The n. pectoralis medialis arises from the truncus inferior of combined C8-T1 as a small
series of thin nerves. A branch travels laterally to become part of the ansa pectoralis, and
a medial branch travels directly to m. pectoralis major. A branch off the ansa pectoralis
closer to the origin of the n. pectoralis medialis provides partial innervation to the m.
pectoralis minor but does not pierce it.

-

The n. pectoralis lateralis is given off mainly from the ventral surface of C7, but may
contain some fibers from C5-6, as it is formed soon after the combination of the ventral
roots into the truncus superior. This main fascicle receives a contribution from the an
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ansa pectoralis from the n. pectoralis medialis, and from there splits into three thin
nerves that provide the neural integration for the n. pectoralis minor and m. pectoralis
major.
-

The n. musculocutaneous forms in a single segment from the fasciculus lateralis as one
part of the cord’s split, the other being the lateral head of the n. medianus. This nerve
potentially contains fibers from the ventral division of C5-7. The n. musculocutaneous
pierces the m. coracobrachialis and continues on to innervate the flexor compartment of
the arm.

-

The n. medianus forms from two segments, a medial head (C8-T1) that splits off the
fasciculus medialis along with the n. ulnaris, and a lateral head (C5-7) from the
fasciculus lateralis that splits off along with the n. musculocutaneous. The n. medianus is
very closely associated with the n. ulnaris until its fairly distal branching point.

-

The n. ulnaris forms mainly as a continuation of the ventral division of the fasciculus
medialis (C8-T1). It begins after the split of the medial head of the n. medianus and
continues distally. It does not receive any contributions from the dorsal division of the
pseudo-fasciculus posterior. The nerve is strongly associated with the n. medianus, and
thicker than the other, more cranially originating nerves.
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1cm

Figure 3.10. Callithrix sp. (HU-CX-1) left plexus brachialis. Ventral view.
Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
-

The n. thoracicus longus arises from the dorsal aspects of C5-7. Small rootlets are sent
distally to combine into a slightly larger nerve that runs within the interscalene triangle
until it travels dorsally, piercing the intermuscular space between the m. scalenus medius
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and the m. scalenus posterior. The nerve adheres to the ventral surface of the m. serratus
anterior, traveling the full distance of the muscle and providing its sole innervation.
-

The n. thoracodorsalis forms mainly on the dorsal aspect of the truncus inferior as it
gives a medial contribution to the n. radialis. It likely contains fibers from T1 but appears
to mainly form from C8. This nerve continues laterally to innervate the m. latissimus
dorsi through its deep surface. It is single in form and gives off no other branches to other
muscles.

-

The n. subscapularis superior is a complex of three nerves that arise from 1) the junction
point of the truncus superior and the n. suprascapularis, 2) the middle of the dorsal
division of the truncus superior, and 3) the distal aspect of the dorsal division of the
truncus superior after it receives contribution form C7/truncus medius, but before these
divisions combine with the truncus inferior to form the fasciculus posterior. The first two
nerves can only contain fibers from C5-6, but the distal-most nerve could also contain
fibers from C7.

-

The n. subscapularis inferior branches off just distal to the last nerve of the n.
subscapularis superior, off the junction between the dorsal divisions of the superior and
truncus medius, at a common point with the n. axillaris. It splits into two nerves distally,
both piercing the intermuscular space between the inferior border of the m. subscapularis
and the superior border of the m. teres major. No fibers appear to travel to the m.
subscapularis.

-

The n. axillaris forms as a continuation of the dorsal division of the truncus medius,
distal to the contribution of the dorsal division of the truncus superior, but proximal to

95

the junction of said bundle with the truncus inferior to form the fasciculus posterior. It
likely contains fibers from C5-7.
-

The n. radialis forms from the dorsal divisions of the truncus superior, medius, and
inferior, though its main contribution of axonal mass appears to come from the dorsal
division of the truncus inferior. It does not form from a true fasciculus posterior, but
rather form two heads analogous to that observed contributing to the n. medianus.

1cm

Figure 3.11. Callithrix sp. (HU-CX-1) left plexus brachialis. Dorsal view.
Intraspecific polymorphisms
HU-CX-2
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The right plexus brachialis of HU-CX-2 presents a similar morphology to the selected
study specimen HU-CX-1. Notable differences include fewer pectoral nerve branches, and a
small, secondary anastomosis of the ventral branch of the truncus medius to the n. medianus.
Root contributions, trunk formation pattern, cord formation, and nerve distribution are otherwise
identical to HU-CX-1. No nerve elements pierce any of mm. scalenus.

1cm

Figure 3.12. Callithrix sp. (HU-CX-2) left plexus brachialis. Ventral view.
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1cm

Figure 3.13. Callithrix sp. (HU-CX-2) left plexus brachialis. Dorsal view.
UC-CX-1
The left plexus brachialis of UC-CX-1 presents a similar morphology to the selected
study specimen HU-CX-1. The only observable difference is a greater number of n.
subscapularis superior nerve branches (the cranial-most branch bifurcates midway through its
distribution). Root contributions, trunk formation pattern, cord formation, and nerve distribution
are otherwise identical to HU-CX-1. No nerve elements pierce any of the mm. scalenus.
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1cm

Figure 3.14. Callithrix sp. (UC-CX-1) right plexus brachialis. Ventral view.
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1cm

Figure 3.15. Callithrix sp. (UC-CX-1) right plexus brachialis. Dorsal view.
Summary
The plexus brachialis of Callithrix sp. (likely C. jacchus) from the specimens studied
here present several interesting morphological characteristics, though overall, the plexus
maintains a primate-like form. All specimens (3/3, 100%) exhibit root contributions from C5-T1,
with no visible additions of C4 or T2, much in keeping with the pattern observed in other
platyrrhines. Three trunks are formed (truncus superior, C5-6; truncus medius, C7; truncus
inferior, C8-T1) The trunks divide into their dorsal and ventral tracts relatively late in formation,
leading to the appearance of nerve elements being combined (e.g., the n. radialis and the n.
100

ulnaris). No true fasciculus posterior forms, as the n. axillaris is given off before the
combination of all dorsal trunk divisions, though the fasciculus lateralis et medialis form
typically. This taxon appears to consistently present with at least 3-4 n. suprascapularis superior
components, where most other primates have between 1 and 3 elements. These nerves are likely
to bifurcate prior to embedding themselves in the m. subscapularis, another uncommonly
observed condition in primates. The increase in the number of n. subscapularis superior
elements is accompanied by an increase in n. pectoralis lateralis et medial elements, whereby a
supplemental branch originating on the ventral division of C7 or on the strongly forming ansa
pectoralis innervate the mm. pectoralis major et minor. Overall, the plexus is post-fixed because
of the late split of the medial head of the n. medianus from the fasciculus medialis prior to the
derivation of the n. ulnaris.

Notes
Hill (1957) notes that the n. phrenicus is formed through two separate sets of roots, (C3-4
and C5-6) combining on the anterior surface of the m. scalenus anterior. In his observation, the
plexus cervicalis and plexus brachialis are completely separate, aside from the connections
found with the n. phrenicus. Hill notes three subscapular nerves arising from the fasciculus
posterior but does not describe their innervation points. Trunks and cords are described as
forming in the same way as they do in humans. He describes the ventral nerves as having the
following root contributions: n. suprascapularis (C5-6); n. pectoralis medialis (T1-2); n.
pectoralis lateralis (C6-8); n. musculocutaneous (C5-7); n. medianus (C6-T1); n. ulnaris (C7T1). He describes the dorsal nerves as having the following root contributions: n. thoracicus
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longus (C5-7); n. thoracodorsalis (C7); n. subscapularis superior (C5-7); n. axillaris (C5-6); n.
radialis (C6-T1).
Emura et al., (2017) reports that the root contributions for a sample of six common
marmoset (Callithrix jacchus) plexus brachialis, 5/6 are comprised of roots C5-T1. The structure
of the plexus brachialis in their specimens is consistent with the typical primate morphology of
three trunks (C5-6 upper, C7 intermediate, and C8-T1 lower), and no distinct features are noted.
Their depicted specimens do not exhibit a true fasciculus posterior, as the n. axillaris is given off
prior to the junction of the upper and lower dorsal segments.
______________________________________________________________________________
3.4.6. Cercopithecus albogularis/mitis
Number of specimens
n=1, np=1
Specimen list
UC-CA-1
Designated descriptive specimen
UC-CA-1
Descriptive anatomy for designated specimen
The right plexus brachialis of UC-CA-1 converges in the interscalene triangle with no
elements piercing the anterior scalene, and is comprised of roots from C5-T1, with a small
contribution from T2 joining the inferior portion. The plexus brachialis forms without any
contribution from the cervical plexus, except for a small rootlet that arises from C4 to join a
projection from C5 to form the n. phrenicus. The trunks of the plexus brachialis in this specimen
conform to the typical morphology seen in other species of Cercopithecus observed for this study
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(see descriptions of Cercopithecus diana and Cercopithecus neglectus), though they are
somewhat short. The truncus superior is formed normally, with contributions from C5 and C6,
and persists for a small distance before branching into dorsal and ventral divisions. The truncus
medius forms from C7, which exists independently in a particularly short segment in this
specimen before dividing and provides a ventral branch to the fasciculus lateralis and a dorsal
branch to the fasciculus medialis. The truncus inferior (C8-T2) is very short, and only persists
for a small distance before forking into the primary portion of the n. radialis and the n. ulnaris
(along with cutaneous nerves). Overall, this specimen exhibits a morphology, especially from the
dorsal aspect, typical of cercopithecoid primates, with short trunks, a steeply oriented dorsal
division of the truncus superior connection, multiple n. subscapularis superior branches that
segmentally innervate the m. subscapularis from cranial to caudal, and multiple, distinct pectoral
branches. All spinal nerves of the plexus brachialis are relatively similar in size in this specimen,
barring T2 which is significantly smaller (1/3rd the size) of the neighboring nerves in its
contribution.
Ventral nerves
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. cutaneus antebrachii
lateralis, n. medianus, n. ulnaris.
-

The n. suprascapularis arises from the truncus superior, though primarily from the main
body of C5 as it is joined by C6. It travels laterally into the incisura scapulae to innervate
the m. supraspinatus. After providing branches to this muscle, the nerve continues on
through the incisura spinoglenoid inferior to the ligamentum spinoglenoid to innervate
the m. infraspinatus muscle through its ventral surface.
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-

The n. pectoralis medialis arises from the inferior-most aspect of the truncus inferior and
likely receives fibers from C8-T1, and potentially T2. Shortly after its origin point, it
sends a communicating branch to the n. pectoralis lateralis to form an ansa pectoralis.
After the ansa, it persists for a short distance before bifurcating, with the more cranial
branch imbedding itself in the deep surface of the m. pectoralis major, and the more
caudal branch supplying the m. pectoralis abdominus through its deep surface.

-

The n. pectoralis lateralis forms in two separate branches from different aspects of the
ventral division of the upper and truncus medius. The primary (larger) branch forms from
the ventral surface of the ventral division of C7 (truncus medius) and connects with the n.
pectoralis medialis in an ansa pectoralis before continuing to imbed itself in the deep
surface of the m. pectoralis minor, which it does not pierce. A second, smaller branch
arises from the junction of the truncus superior (C5-6) with the truncus medius (C7) and
travels around the superior border of the m. pectoralis minor to innervate the superior
(clavicular) portion of the m. pectoralis major through its deep surface.

-

The n. musculocutaneous forms as a continuation of the fasciculus lateralis (C5-7). It
does not pierce the m. coracobrachialis, but travels deep to it, giving off a small branch
that provides innervation to the muscle. In the intermuscular septum, it branches into the
n. cutaneous lateralis antebrachii and several small branches to provide innervation to
the m. biceps brachii and m. brachialis.

-

The n. medianus forms from two separate heads derived from the lateral and fasciculus
medialis. The ventral division of the fasciculus lateralis (C5-7) splits with the n.
musculocutaneous providing the lateral head, and the ventral division of the fasciculus
medialis (C8-T2) splits with the medial cutaneous nerves of the arm, forearm, and the n.
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ulnaris to form the medial head. These combine in typical fashion and insert into the
intermuscular septum between the m. biceps brachii and m. brachialis.
-

The n. ulnaris shares a branching point with the cutaneous nerves of the arm and forearm
from the ventral division of the fasciculus medialis (C8-T2). The split occurs before the
junction of the dorsal division of the truncus medius, and the n. ulnaris therefore is
unlikely to carry C7 fibers. It travels with the n. medianus into the brachial fascia of the
arm and into the forearm through the heads of the m. flexor carpi ulnaris.

1cm

Figure 3.16. Cercopithecus albogularis/mitis (UC-CA-1) right plexus brachialis. Ventral view.
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Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
-

The n. thoracicus longus arises from the dorsal aspects of C5-7 as a set of rootlets that
combine prior to diving deep to the m. scalenus medius. The nerve then travels dorsally,
innervating the m. serratus anterior from its superficial surface.

-

The n. thoracodorsalis arises from the dorsal division of the truncus inferior distal to the
junction of C7 with C8 and T1. It shares an epineural connection with the dorsal division
of the combined C5-6 as this bundle joins the fasciculus posterior, though it is unclear
whether the truncus superior contributes axons to the thoracodorsal nerve. It receives no
other connections but bifurcates near its muscular junction and the two terminal branches
embed themselves into the deep surface of the m. latissimus dorsi.

-

The n. subscapularis superior branches from the truncus superior as a series of four
evenly spaced nerves that sequentially innervate the costal belly of the m. subscapularis
muscle. They arise from the dorsal division of the truncus superior (C5-6) as it descends
to meet the dorsal division of the truncus medius. Interestingly, the nerves decrease in
diameter from cranial to caudal, which is not commonly observed in primates.

-

The n. subscapularis inferior arises on the caudal most aspect of the dorsal division of the
truncus superior as it joins the truncus medius (C7). It branches off just proximal to the
junction that it shares with the n. axillaris, and travels into the intermuscular septum
between the m. subscapularis and the m. teres major, where it sends motor branches to
the latter via its deep surface.
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-

The n. axillaris branches from the dorsal division of the truncus superior prior to its
contribution to the truncus medius to form the fasciculus posterior. This nerve shares an
origin point with the n. subscapularis inferior. It travels laterally into the quadrangular
space, where it divides into a ventral and dorsal branch, the former supplying the m.
deltoideus through its deep surface, and the latter supplying the m. teres minor through its
superficial/lateral surface via a smaller branch.

-

The n. radialis forms as a complex of the dorsal division of the truncus superior (C5-6)
and the dorsal division of the truncus inferior (C7-T2). In a morphology typical of
cercopithecoids, the dorsal division of the truncus superior connects at a near-vertical
angle after giving off the n. subscapularis inferior, thereby forming a distinct superior
‘head’, analogous to those seen in the n. medianus. The nerve travels as a single entity
until it reaches the brachial fascia, whereupon it splits into several small branches that
embed themselves in the proximal heads of the m. triceps and the m. dorsiepitrochlaris.
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1cm

Figure 3.17. Cercopithecus albogularis/mitis (UC-CA-1) right plexus brachialis. Dorsal view.
Intraspecific polymorphisms of study specimens
There were no other specimens of the taxon Cercopithecus albogularis/mitis available for
this study. See other species of Cercopithecus for intrageneric comparisons.

Summary
The plexus brachialis of Cercopithecus albogularis/mitis is relatively post-fixed in
nature, with the caudal roots being more massive than the cranial contributions, and the cranialmost contribution of C5 mainly contributing to the n. suprascapularis rather than the entirety of
the plexus. Instead, C6 and C7 make up the majority of the axonal bulk observed here for the
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cranial segments. This specimen exhibits a typically cercopithecoid morphology, with widely
spaced truncus superior and truncus inferior, a separated pseudo-fasciculus posterior that does
not form prior to the derivation of the n. axillaris. Somewhat atypically, there is a contribution of
the truncus medius to the truncus inferior/fasciculus medius, though it is small. This specimen
exhibits a relatively large contribution/number of nerves to the m. subscapularis and a
correspondingly large number of n. pectoralis lateralis et medialis contributions that connect
through a strong ansa pectoralis.

Notes
Bolk (1902) describes the plexus brachialis of Cercopithecus albogularis (now
commonly Cercopithecus mitis [Mittermeier et al., 2013]) as arising from C5-T2. He notes that
the m. rhomboideus receive innervation from C5 alone, the m. levator scapulae from C3-5, and
the m. serratus anterior from C5-7. The n. phrenicus is described as receiving roots from C4-5,
and the n. subclavius from C5. The researcher also suggests that the n. radialis is composed of
C6-T1, rather than from the entirety of the plexus brachialis. The researcher cites the n.
musculocutaneous as containing fibers from C5-7, the n. medianus from C6-T1, and the n.
ulnaris from C8-T1.
______________________________________________________________________________
3.4.7. Cercopithecus diana
Number of specimens
n=1, np=2
Specimen list
UIUC-CD-1
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Designated descriptive specimen
UIUC-CD-1
Descriptive anatomy for designated specimen
The right plexus brachialis of UIUC-CD-1 forms in the interscalene triangle and is
comprised of nerve roots from C5-T1 with a medium-sized contribution from T2 joining the
truncus inferior. The truncus superior is comprised of roots from C5-6, the intermediate from
C7, and the truncus inferior from C8-T2. The ventral divisions of the upper and truncus medius
join to form the fasciculus lateralis, which terminates in the n. musculocutaneous and the lateral
head of the n. medianus. The ventral division of the truncus inferior becomes the n. ulnaris and
the medial head of the n. medianus. The dorsal division of the truncus superior gives off a
connection to the dorsal division of the truncus medius, which joins the dorsal division of the
truncus inferior to form pseudo-fasciculus posterior. A true fasciculus posterior is not formed, as
terminal nerves such as the n. axillaris are given off before a complete combination of all dorsal
nerve roots. Overall, the plexus forms in a fairly typical pattern, though the spacing between
upper and truncus medius is condensed, and the spacing between intermediate and truncus
inferiors is larger than usually observed. The relative size of the spinal nerves contributing to the
plexus increases from cranial to caudal (excepting T2), with C8-T1 being the largest. The left
plexus brachialis forms similarly to the right, with the exception that the contribution from T2 is
significantly smaller, and the branches from C8-T1 are larger. The trunks were less wellseparated on the left, with a greater blending of dorsal and ventral divisions in the initial aspects.
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Ventral nerves
-

The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. cutaneus
antebrachii lateralis, n. medianus, n. ulnaris.

-

The n. suprascapularis arises from the dorsal division of the truncus superior, primarily
from C5, but potentially with contributing fibers from C6. The nerve travels laterally
through the septum between the m. supraspinatus and the os scapulae where it gives off
small muscular branches of innervation to the former. It continues through the scapular
notch to provide innervation to the m. infraspinatus through several small branches off a
main nerve stalk.

-

The n. pectoralis medialis was not preserved in this specimen due to previous dissection.

-

The n. pectoralis lateralis was not preserved in this specimen due to previous dissection.

-

The n. musculocutaneous forms from the distal aspect of the fasciculus lateralis, from the
ventral divisions of the upper and truncus medius, at the split point where the lateral head
of the n. medianus is formed. It travels dorsal to but does not pierce the m.
coracobrachialis when entering the arm, where it provides motor innervation to the
flexor group there. A small branch continues through the septum between the m. biceps
brachii and the m. brachialis to become the n. cutaneous lateralis antebrachii.

-

The n. medianus forms from two heads. The lateral head is a branch off the fasciculus
lateralis, itself a product of the ventral divisions of the upper (C5-6) and intermediate
(C7) trunks. The lateral head branches at the same junction point as the n.
musculocutaneous. The medial head is a distal branch of the fasciculus medialis, a
product of the ventral division of the truncus inferior (C8-T2).
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-

The n. ulnaris is the distal continuation of the fasciculus medialis, which is the result of
the combined ventral division of C8-T1, and a smaller contribution from T2. The
cutaneous nerves of the arm and forearm are given off prior to the split of the n. ulnaris,
which arises properly after the medial head of the n. medianus is given off distally in the
axilla.

1cm

Figure 3.18. Cercopithecus diana (UIUC-CD-1) left plexus brachialis. Ventral view.
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Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
-

The n. thoracicus longus arises from several rootlets branching from the dorsal divisions
of C5-7. It passes deep to the body of the m. scalenus medialis and inserts into the
superficial surface of the m. serratus anterior.

-

The n. thoracodorsalis arises from the dorsal division of combined upper and truncus
medius, but before the combined branch contributes to the n. radialis. It forms as two
separate branches that invest in the m. latissimus dorsi.

-

The n. subscapularis superior arises from the dorsal division of the truncus superior
before it joins with the dorsal division of the truncus medius and exists as a complex of
two unevenly sized nerves. The cranial-most branch is thicker, and the caudal branch
thinner. The caudal branch bifurcates into a middle and lower branch which sequentially
insert into the m. subscapularis.

-

The n. subscapularis inferior arises from the dorsal division of the truncus superior
before it joins the dorsal division of the truncus medius, distal/caudal to the caudal-most
branch of the n. subscapularis superior. It travels directly into the costal surface of the m.
teres major.

-

The n. axillaris is mostly a continuation of the dorsal division of the truncus medius (C7)
that forms after its junction with the dorsal division of the truncus superior (C5-6). It
shares an origin with the n. thoracodorsalis. The n. axillaris travels laterally into the
quadrangular space where it branches around the head of the humerus to innervate the m.
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deltoideus from its deep surface and the m. teres minor from its superficial, lateral
surface.
-

The n. radialis arises from medial and lateral heads, a combination of the dorsal divisions
of the truncus inferior (C8-T2) and the combined upper-truncus medius (C5-7). This lack
of formation of a true fasciculus posterior is a typical morphology observed in non-ape
primates. As the n. radialis proceeds into the triceps hiatus, it sends a branch to the m.
dorsiepitrochlaris.

1cm

Figure 3.19. Cercopithecus diana (UIUC-CD-1) left plexus brachialis. Dorsal view.
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Intraspecific polymorphisms of study specimens
No other specimens of Cercopithecus diana were available for this study.

Summary
The plexus brachialis of Cercopithecus diana is typically cercopithecoid in morphology,
with a widely spaced set of trunks, segmentally connecting pseudo-fasciculus posterior (wherein
the n. axillaris is given off before connection of all dorsal segments of the trunks merge to form
the n. radialis), an increased number of elements in the n. subscapularis superior complex (3-4),
and a generally post-fixed appearance owing to the contribution of T2 and the larger diameter of
the caudal root segments. The ventral branches of the cranial segments (C5-6) are relatively
slender, and the bulk of the plexus is made up by C7 on the lateral aspect and C8-T1 on the
medial aspect. Unlike the condition observed in the Cercopithecus albogularis/mitis specimen
dissected for this study, the Cercopithecus diana specimen does not present a connection
between the truncus medius and the truncus inferior/fasciculus medius.

Notes
There are no published reports of the plexus brachialis in Cercopithecus diana.
______________________________________________________________________________
3.4.8. Cercopithecus neglectus
Number of specimens
n=1, np=2
Specimen list
UC-T-CN-1
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Designated descriptive specimen
UC-T-CN-1
Descriptive anatomy for designated specimen
The left plexus brachialis of Cercopithecus neglectus forms in the interscalene triangle
between the m. scalenus anterior and m. scalenus medius. The plexus is composed of fibers from
C5-T1, with a small contribution from T2 that adjoins with the truncus inferior. Three trunks
form, with C5-6 combining to become the truncus superior, C7 alone as the truncus medius, and
C8-T2 forming the truncus inferior. Each trunk has a dorsal and ventral series of divisions. A
relatively small ventral division of the truncus superior combines with the ventral division of the
truncus medius to form the fasciculus lateralis. The ventral division of the truncus inferior sends
a large branch to become the medial head of the n. medianus. A large dorsal division from the
truncus superior joins with the dorsal division from C7. The fasciculus posterior does not truly
form, but rather a dorsal division of the combined truncus superior and truncus medius give off a
series of nerves (all dorsal nerves except the n. radialis and n. thoracodorsalis) before sending a
branch to combine with a contribution from the truncus inferior. The dorsal division of the
truncus inferior only contributes to one ‘medial head’ of the fasciculus posterior, which when
joined with the lateral ‘head’ forms a short fasciculus posterior that soon gives rise to the n.
radialis and n. thoracodorsalis. The fasciculus medialis is formed from the ventral continuation
of C8-T2. The right plexus brachialis forms in a similar fashion to the left in the proximal
segments and maintained a root formation of C5-T2. The trunks formed as on the left, though the
elements distal to the trunks were severed in a previous dissection, rendering full diagnosis
impossible.
Ventral nerves
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-

The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. cutaneus
antebrachii lateralis, n. medianus, n. ulnaris.

-

The n. suprascapularis arises primarily from C5, though as it occurs distal to the junction
with C6, it likely also carries some of that nerve root’s fibers. It travels laterally as a
single unit into the intermuscular septum between the deep belly of the m. supraspinatus
and the cranial aspect of the m. subscapularis. From there it sends muscular branches to
the m. supraspinatus and continues on beneath the supraspinatus ligament onto the dorsal
surface of the scapula, where it provides innervation to the m. infraspinatus.

-

The n. pectoralis medialis was not observed on this specimen due to pervious dissection.

-

The n. pectoralis lateralis was not observed on this specimen due to previous dissection

-

The n. musculocutaneous arises from the distal aspect of the fasciculus lateralis, from the
ventral divisions of the upper and truncus medius at the split point for the n. medianus
lateral head (C5-7). It does not pierce the m. coracobrachialis when entering the arm,
where it provides motor innervation to the flexor group. A medium-sized branch
continues through the septum between the m. biceps brachii and the m. brachialis to
become the n. cutaneous lateralis antebrachii.

-

The n. medianus forms from a medial and lateral head. The lateral head arises from the
ventral division of C56 and C7 combining into the fasciculus lateralis and splits off at the
point where the n. musculocutaneous arises. The medial head arises directly from the
ventral division of the fasciculus medialis, as a continuation of the truncus inferior.

-

The n. ulnaris forms directly from the truncus inferior C8-T1 and does not anastomose
with the fasciculus medialis as it travels into the arm. It pierces the m. dorsiepitrochlaris
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as it proceeds into the arm. The forearm of this specimen was absent due to previous
dissection, and no further observations could be made as to the route of the nerve.

Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
-

The n. thoracicus longus arises from a set of combined rootlets. Cranially, it takes
contribution from the dorsal aspect of C5-6 and then from the dorsal aspect of the truncus
medius (C7). After combining, it travels deep to the middle scalene in a caudo-dorsal
direction, where it imbeds itself in the superficial belly of the m. serratus anterior.

-

The n. thoracodorsalis arises at the junction of the two ‘heads’ of the fasciculus
posterior. The dorsal division of the combined head of the upper and truncus medius as
the lateral contribution, and the dorsal division of the truncus inferiors as the medial
contribution. The two short rootlets of the nerve combine into the n. thoracodorsalis
proper and travel into the m. latissimus dorsi as a single unit where they innervate the
muscle through its deep surface.

-

The n. subscapularis superior branches off from the junction of the dorsal division of the
truncus superior as it descends distally to combine with the dorsal division of the truncus
medius. This is a complex of three nerves that innervate the m. subscapularis from its
ventral surface in a cranial to caudal fashion, with each nerve evenly spaced along the
muscle.
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-

The n. subscapularis inferior forms caudal to the most inferior n. suprascapularis, near
the branching point for the n. axillaris on the dorsal division of the combined upper and
truncus medius, but before the lateral ‘head’ of the n. radialis is formed. It travels into the
m. teres major as a bifurcated nerve, one element inserting directly into the ventral belly
of the muscle, the other into the intermuscular septum between the cranial aspect of the
m. teres major and the caudal aspect of the m. subscapularis. It is unclear whether it
provides motor innervation to the caudal-most portion of the m. subscapularis.

-

The n. axillaris branches off the dorsal division of the combined upper and truncus
medius but appears to be mainly a continuation of C7. It forms at the junction of the
lateral ‘head’ of the fasciculus posterior before the branch is sent off to the n. radialis.

-

The n. radialis forms from a medial (C8-T2) and a lateral head (C5-7), analogous to the
condition commonly observed for the n. medianus. The lateral head arises from the
combination of the dorsal divisions of the upper and truncus medius, after each has given
off all other dorsal nerves to the shoulder. The medial head arises from the dorsal division
of the truncus inferior.
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1cm

Figure 3.20. Cercopithecus neglectus (UC-CN-1) left plexus brachialis. Dorsal view.
Intraspecific polymorphisms of study specimens
There were no other specimens of the taxon Cercopithecus neglectus available for this
study.

Summary
Overall, this specimen strongly resembles the morphology observed in the other two
species of Cercopithecus studied here. The root patter is C5-T2, with stronger contributions from
the caudal segments, and a relatively gracile contribution from C5 in particular. The majority of
the mass for the lateral segments of the plexus is made up of C7, which receives smaller
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contributions from C5-6. The medial segments are entirely comprised of C8-T2, with no
contribution from C7 as was observed in the specimen of Cercopithecus albogularis/mitis. This
specimen exhibits a strong separation between the cranial and caudal dorsal segments, which
results in the formation of a pseudo-fasciculus posterior rather than a true cord, as the n. axillaris
is given off prior to the junction of all divisions.

Notes
No specific mention of Cercopithecus neglectus is made in the literature discussing the
plexus brachialis.
______________________________________________________________________________
3.4.9. Colobus guereza
Number of specimens
n=2, np=4
Specimen list
SB-CG-1, SB-CG-2
Designated descriptive specimen
SB-CG-2
BP descriptive anatomy for designated specimen
The left plexus brachialis for SB-CG-2 presents a somewhat atypical morphology for
primates in that it does not conform to the usual truncus superior/medius/inferior pattern seen in
the proximal segments of the plexus, though it is largely similar to that of Colobus polykomos
(see below). The roots converge as is typical in the interscalene triangle, and form an upper (C56), middle (C7), an isolated ‘intermediate’ trunk composed only of C8, and a lower most trunk
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com posed of T1-2. As a trunk can be defined in anatomical terms as a primary stem of a nerve
before its divisions, C7 and C8 can be considered jointly as “superior intermediate” and “inferior
intermediate” trunks, given that they form from a primary root and divide into dorsal and ventral
parts. All nerves are not equally robust in their diameter and contribution to the plexus, with the
inferior/caudal nerves being notably thinner than the cranially positioned ones. This is perhaps
due to the reduction of the pollex and its supporting musculature in Colobus. Both truncus
medius provide divisions to the truncus inferior and contribute strongly to the formation of the n.
radialis. A consequence of this unusual formation is that the dorsal and ventral divisions are not
completely split in some areas of the plexus. The n. suprascapularis is given off immediately as
the nerves of the truncus superior exit the borders of the interscalene triangle, which occurs in
the same space as the split between the ventral and dorsal divisions. The ventral divisions from
C5-6 join with the dorsal division of C7 to form the fasciculus lateralis. A true fasciculus
posterior does not form, as the dorsal divisions of C5-6, C7, and C8 give off the cranially
derived dorsal nerves with no visible contribution from T1-2. The fasciculus medialis is formed
by a division of C7 combining with a more proximal conglomeration of C8 and T1-2. The right
plexus forms similarly to the left, with the only significant difference occurring in the formation
of the cords, with the truncus medius (C7) giving equally sized branches to both the fasciculus
medius and the fasciculus lateralis. Distal to this point, the nerve derivations were identical on
both left and right.

Ventral nerves
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. medianus, n. ulnaris.
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-

The n. suprascapularis branches off the superior aspect of the C5-6 truncus superior
bundle immediately after the nerves exit from the interscalene triangle of the neck. The
nerve enters the septum between the os scapula and the m. supraspinatus, where it
provides fibers to the m. supraspinatus before passing through the incisura spinoglenoid
under the ligamentum spinoglenoid to provide innervation to the m. infraspinatus through
its deep surface.

-

The n. pectoralis medialis arises from the junction of the “intermediate cord” of C8 and
its junction with T1-2. It pierces the m. pectoralis minor to innervate the m. pectoralis
major. A supplemental branch arises from the n. ulnaris to innervate the m. pectoralis
abdominis. No ansa pectoralis is formed with the m. pectoralis lateralis.

-

The n. pectoralis lateralis forms form the ventral division of the intermediate cord (C7),
though may receive some axons from C5-6 via a small epineural connection with the
ventral division of the truncus superior. It provides innervation to both the m. pectoralis
major and m. pectoralis minor. No ansa pectoralis if formed with the m. pectoralis
medialis.

-

The n. musculocutaneous forms from an undivided dorsal/ventral junction of the truncus
superior (C5-6) and the upper truncus medius (C7). This morphology is atypical and is
not observed in the other specimen dissected for this thesis.

-

The n. medianus forms somewhat atypically. Its main bulk arises from the lower aspects
of the plexus, namely T1-2, but receives individual ventral division contributions from
C7 and C8. No medial and lateral heads are formed from medial and fasciculus lateralis.
The nerve shares an epineural sheath with the n. ulnaris and the cutaneous nerves of the
arm and forearm before splitting off and entering the brachial neurovascular bundle,
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where it travels into the arm. It then travels distally into the forearm where it does not
pierce the m. pronator teres and runs deep to the m. flexor digitorum superficialis, where
it provides innervation to the forearm flexors except for the m. flexor carpi ulnaris and
the medial half of the m. flexor digitorum profundus.
-

The n. ulnaris arises as a continuation of the ventral division of the truncus inferior,
likely containing fibers from C8-T2. It splits from a common sheath with the n. medianus
and the medial cutaneous nerves of the arm and forearm. It travels into the brachial
neurovascular bundle and descends into the arm behind the medial epicondyle.

1cm

Figure 3.21. Colobus guereza (SB-CG-2) left plexus brachialis. Ventral view.
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Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
-

The n. thoracicus longus was not preserved in this specimen due to previous dissection,
though Bolk (1902) reports that it is derived from C5-7 rootlets.

-

The n. thoracodorsalis forms as a direct branch from the posterior portion of the dorsal
divisions of C7-8. It appears to have no other contributions from other nerve roots. It
travels distally to the deep surface of the m. latissimus dorsi and innervates it through this
junction.

-

The n. subscapularis superior branches directly off the dorsal division the truncus
superior (C5-6) sent inferior toward C7 to form a pseudo-fasciculus lateralis. It is a
bundle of three nerves combined in a thick single sheath of epineurium that enters the
middle of the m. subscapularis muscle, only spreading out upon contact.

-

The n. subscapularis inferior branches off C7 distal to its junction with the truncus
superior, where it could be a derivative of the fasciculus lateralis, despite its dorsal
placement. It innervates the m. teres major through the intermuscular septum between
this muscle and the inferior border of the m. subscapularis.

-

The n. axillaris is a short branch derived from the pseudo-fasciculus lateralis, a condition
not commonly observed in primates. It forms distal to the junction of C5-6 and C7, with
no apparent relation to the more distal segments of the plexus brachialis.

-

The n. radialis forms from the dorsal division of a combined C5-7 ‘pseudo-fasciculus
lateralis’ and a dorsal division of C8. T1-2 do not appear to contribute fibers to this

125

nerve, which is somewhat unusual for primates and does not likely represent the normal
condition.

1cm

Figure 3.22. Colobus guereza (SB-CG-2) left plexus brachialis. Dorsal view.
Intraspecific polymorphisms of study specimens
SB-CG-1
Both the left and right plexus brachialis of SB-CG-1 display a similar morphology to the
designated study specimen SB-GC-2. The root contributions were the same, with C5 contributing
in a smaller amount than in the designated study specimen, and T2 contributing slightly more,
which lead to a more post-fixed appearance. The most obvious difference is the early split of the
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dorsal/ventral segments of the plexus, whereby no true trunks are formed in the commonly
regarded sense, with each segment emerging from the interscalene triangle already separated.
There is no “intermediate superior/inferior” trunk in either left or right complex in this specimen,
as C7 forms the truncus medius alone, and C8 is joined by T1-2 to form the truncus inferior.
Like the designated study specimen, both left and right plexus in this cadaver exhibited a
singularly forming n. subscapularis superior.

Summary
The plexus brachialis of Colobus guereza forms from C5-T2 (2/2 specimens, 4/4 sides,
100%) though the contribution from C5 appears to be somewhat reduced, with the root only
significantly contributing to the n. suprascapularis. The formation of the trunks is not as
straightforward as in other species of primates, as the roots appear to have a tendency to split into
dorsal and ventral divisions early in their derivation, rather than persisting as a combined bundle
through the interscalene triangle. Colobus as a genus appears to be distinct from other
cercopithecoid monkeys dissected here in its reduced number of nerves in the n. subscapularis
superior complex, in which it typically exhibited only one branch to the m. subscapularis.
Of interest is the role of the distal n. medianus in relation to the reduced thumb complex in
colobines. Contrary to initial expectations, there does not appear to be any significant reduction
in the mass of the n. medianus, nor is it mentioned in the literature. This may be due to the
preservation of the thenar musculature surrounding the vestigial first metacarpal, which is
present in the hand even where an external first digit is absent (Brooks, 1886; Straus,1942;
Diogo et al., 2012).
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Notes
Bolk (1902) describes the plexus brachialis of Colobus as arising from C5-8 and T1, with
the more cranial contributions being smaller in size, particularly C5. He notes that the rhomboids
receive innervation from C5 alone, the levator scapulae from C3-5, and the serratus anterior from
C5-7.
Polak (1908) notes that the n. ulnaris minimally contributes to the distal aspect of the
forearm and hand, only directly supplying the m. epitrochleo-anconeus and the m. flexor carpi
ulnaris. This suggests that the intrinsic muscles of the hand are only innervated by the n.
medianus, which is contrary to the condition found in the apes (Homo, Pan, Gorilla), despite
Polok describing a distal anastomosis in the forearm between the two nerves (although this could
just be an instance of junction between the two sets of epineuria from the respective nerves rather
than a crossing of axons). The median nerve does not pierce the m. pronator teres.
Kawashima et al., (2008) illustrates (but does not describe) the plexus cervicalis and
plexus brachialis in addition to the surrounding vasculature, demonstrating a strong T2
connection.
______________________________________________________________________________
3.4.10 Colobus polykomos
Number of specimens
n=2, np=4
Specimen list
UC-T-CP-1, UC-T-CP-2
Designated descriptive specimen
UC-T-CP-1
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Descriptive anatomy for designated specimen
The left plexus brachialis for UC-T-CP-1 forms in the interscalene triangle from C5-T1,
with a medium-sized branch from T2. The dorsal and ventral divisions of the plexus are
immediately split before exiting the interscalene triangle, a condition not commonly observed in
primates. The truncus superior is also formed somewhat atypically, with C5 primarily
contributing to the n. suprascapularis, but not the rest of the plexus except for through a small
connection to C6. The roots of C5 and C6 form separately from the caudal trunks, and exchange
short branches on their dorsal aspects. The truncus medius is formed by C7 alone and exhibits an
early dorsal/ventral split in the nerve divisions. C8-T1, and a small branch from T2, form the
truncus inferior. The dorsal division of C6 has a morphology typically observed in
cercopithecoid primates, in that it vertically joins the more caudal spinal root dorsal division of
C7 to form part of the pseudo-fasciculus posterior. A proper fasciculus lateralis does not form,
and there is no lateral head to the n. medianus, as the n. medianus and the n. musculocutaneous
run in a common bundle through the axilla, splitting in the proximal third of the arm. The n.
musculocutaneous branches off the n. medianus distally, though it still pierces the m.
coracobrachialis. A fasciculus medialis does from as a combination of the ventral divisions of
C8-T2 along with a small ventral addition from C7, as seen in Colobus guereza. The more
cranially oriented roots (C5-6) are small compared to the more caudal spinal nerve roots, with
C7and C8 providing the largest contributions to the plexus. No ansa pectoralis is formed. The n.
phrenicus arises solely from C5. The right plexus brachialis forms from the same root
contributions as on the left, though C5 is much smaller in its contribution, and C6
correspondingly comprises a larger portion of the n. suprascapularis, truncus superior, and
fasciculus lateralis.
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Ventral nerves
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. cutaneus antebrachii
lateralis, n. medianus, n. ulnaris.
-

The n. suprascapularis branches off the superior aspect of the C5-6 truncus superior
bundle immediately after the nerves exit from the interscalene triangle of the neck. The
nerve enters the septum between the os scapula and the m. supraspinatus, where it
provides fibers to the m. supraspinatus before passing through the incisura spinoglenoid
under the ligamentum spinoglenoid to provide innervation to the m. infraspinatus through
its deep surface.

-

The n. pectoralis medialis arises from the medial trunk of C8-T2. It pierces the m.
pectoralis minor, providing innervation to it as the nerve continues on to the m. pectoralis
major. An additional branch splits at the base of the nerve to innervate the m. pectoralis
abdominis. No ansa pectoralis is formed with the n. pectoralis lateralis.

-

The n. pectoralis lateralis arises directly from the ventral aspect of C7 and provides
innervation to the cranial clavicular and upper sternal segment of m. pectoralis major. No
ansa pectoralis is formed with the m. pectoralis medialis.

-

The n. musculocutaneous forms as two branches out of a common epineural sheath
shared with the n. medianus. The proximal branch pierces the m. coracobrachialis and
bifurcates into branches that innervate the flexors of the arm (and m. coracobrachialis).
The distal branch does not pierce the m. coracobrachialis but travels between the m.
biceps brachii and the m. brachialis and distally forms the n. cutaneous lateralis
antebrachium.
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-

The n. medianus forms somewhat atypically from one true head (medial), and from a
direct contribution from the fasciculus lateralis. The lateral head is formed from the
ventral division of the of the truncus superior, primarily through C7, but with some lesser
mass-contributions from C5-6. This contribution contains fibers of the n.
musculocutaneous, but no discrete split is apparent. The medial head arises from the
fasciculus medialis where the n. ulnaris and cutaneous nerves of the arm and forearm
branch off. The two heads combine in the axilla, and travel into the forearm via the
brachial neurovascular sheath. It pierces the two heads of the m. pronator teres and
provides innervation to the flexor compartment of the arm, excepting the m. flexor carpi
ulnaris and the medial half of the m. flexor digitorum profundus.

-

The n. ulnaris is a distal continuation of the ventral division of the fasciculus medialis,
containing fibers from C8-T2. It travels with the n. medianus into the arm in the brachial
fascia, descending into the forearm dorsal to the medial epicondyle of the humerus.
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1cm

Figure 3.23. Colobus polykomos (UC-CP-1) left plexus brachialis. Ventral view.
Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
-

The n. thoracicus longus forms on the dorsal aspect of the plexus brachialis from spinal
roots C6, C7, and C8. Rootlets from all three branches form together beneath the ventral
belly of the m. scalenus medius before exiting deep to the caudal (costal) attachment of
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the muscle. The nerve embeds itself into the superficial surface of the m. serratus
anterior and descends caudally along the muscle. A small, supplementary branch of C6 is
given off to the upper portion of the m. serratus anterior.
-

The n. thoracodorsalis forms as a direct branch from the posterior portion of the dorsal
divisions of C7-8. It appears to have no other contributions from other nerve roots. It
travels distally to the deep surface of the m. latissimus dorsi and innervates it through this
junction.

-

The n. subscapularis superior exists as a series of four nerves that arise from different
dorsal division of spinal nerves C5-7. An upper bundle is mainly made up of C6, with a
small contribution from C5, and a secondary, bifurcating branch is comprised solely of
C6. These nerve bundles al insert into the upper 1/3rd of the m. subscapularis. An
additional nerve rises from the dorsal division of C7 and inserts into the caudal-most
aspect of the m. subscapularis.

-

The n. subscapularis inferior branches from the dorsal division of C7 that directly into
the m. teres major. It shares an origin point with the n. axillaris on the dorsal division of
the combined truncus superior and truncus medius.

-

The n. axillaris is a short branch derived from the pseudo-fasciculus lateralis, a condition
not commonly observed in primates. It forms distal to the junction of C5-6 and C7, with
no apparent relation to the more distal segments of the plexus brachialis. It shares a
common origin point with the n. axillaris on the dorsal division of the combined truncus
superior and truncus medius.
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-

The n. radialis forms from the dorsal division of a combined C5-7 ‘pseudo-fasciculus
lateralis’ and a dorsal division of C8. T1-2 do not appear to contribute fibers to this
nerve.

1cm

Figure 3.24. Colobus polykomos (UC-CP-1) left plexus brachialis. Dorsal view.
Intraspecific polymorphisms of study specimens
UC-CP-2
The left plexus brachialis of UC-CP-2 presents few variations on the general theme of the
structures outlined above for UC-CP-2. The primary difference in this specimen is in the
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formation of roots into trunks. The same root contribution number is observed (C5-T2), though
the contribution from T2 was notably smaller. The large split between the dorsal and ventral
aspects of C5 is not present in this specimen, and the plexus only exhibits two upper branches
and one lower branch of the n. subscapularis superior, as opposed to the four found in UC-CP-1.
C5 mainly contributed to the n. suprascapularis, as seen in UC-CP-1. C5-6 form the truncus
superior. This trunk gives off a dorsal and ventral division. The dorsal division gives rise to the
n. suprascapularis and the three nerves of the n. subscapularis complex. C7 and C8 form a
pseudo-truncus medius. Both nerves split into dorsal/ventral divisions before combining. The
dorsal combination, primarily at the level of C7, receives a connection from the dorsal division
of C5-6, and branches the n. axillaris in typical fashion. The right plexus follows the pattern of
the left, with no significant variations present. Minor differences include the n. subscapularis
superior, which forms as a single nerve, rather than a complex of two, and a small connection
between the n. medianus and n. ulnaris distal to their initial branching point, though it is unclear
if actual axonal fibers are exchanged or if this is simply an unseparated element of connective
tissue.

Summary
The plexus brachialis of Colobus polykomos is similar to Colobus guereza in overall
formation with contributions from C5-T2 (2/2 specimens, 4/4 sides), the cranial segments being
smaller in size than the caudally originating elements, leading to a markedly post-fixed
appearance. The tendency for an early dorsal/ventral split of trunks observed in C. guereza is
also present in C. polykomos, where all sides of both specimens exhibited the condition.
However, unlike C. guereza, the plexus brachialis of C. polykomos appears to tendency for
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higher interconnectivity of trunk elements, leading to fasciculi that are presumably containing a
greater fiber diversity than is commonly observed in other cercopithecoid primates. As in
Colobus guereza¸ a small contribution from the truncus medius adds to the fasciculus medius,
which is a condition not commonly observed in other primates dissected here or described in the
literature.

Notes
There is no published research on the plexus brachialis in Cercopithecus polykomos.
_____________________________________________________________________________
3.4.11. Galago crassicadatus
Number of specimens
n=1, np=2
Specimen list
SB-GS-1
Designated descriptive specimen
SB-GC-1
Descriptive anatomy for designated specimen
The right plexus brachialis of SB-GC-1 originates in the interscalene triangle between the
m. scalenus anterior and m. scalenus medius. It is relatively simple in composition, with root
contributions from C5-T2. The truncus superior is formed by an extremely small contribution
from C5 and a significantly larger contribution from C6 in the lateral-most aspect of the
interscalene triangle, the truncus medius is formed by C7 alone, and the truncus inferior is
formed primarily by C8 and T1, with a smaller contribution from T2. The truncus superior does
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not have a true dorsal/ventral split, but rather it joins with the truncus medius to form the
fasciculus lateralis, which eventually gives rise to the n. medianus and n. musculocutaneous. The
fasciculus medialis is formed as a continuation of the ventral division of the truncus inferior via
C8-T2. No true fasciculus posterior is formed, but rather the dorsal division of C7 (after it is
joined by C5-6) and the dorsal division of C8-T2, which coalesce in the axilla after the
upper/middle divisions give off the n. subscapularis superioris and inferioris and the n. axillaris.
The n. phrenicus arose from C4-6, as corroborated by Kanagasuntheram and Mahran (1960),
though Kawashima and Thorington (2011) depict it as arising from C5-6 with no C4
contribution. The left plexus brachialis presented a nearly identical condition to the right, with a
minimal contribution from C5, a generally simple formation without significant exchange of
fibers among root levels, and a strongly post-fixed morphology evidenced by more massive
contributions from C8-T2. The nerves distal to the divisions (fasciculi) were damaged by
previous dissection and were therefore not available to study.
Ventral nerves
-

The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. medianus, n.
ulnaris.

-

The n. suprascapularis is a small branch that derives mostly from C5, though may
receive fibers from C6 as they join in a common trunk proximal to where this nerve
forms. The n. suprascapularis arises from the cranial-most aspect of the truncus superior,
travels laterally into the intermuscular septum between the m. supraspinatus and the os
scapulae, where it provides motor innervation to the previously mentioned muscle. It

137

continues onto the dorsal aspect of the scapula via the scapular notch, where it innervates
the m. infraspinatus.
-

The n. pectoralis medialis arises from a common trunk off the ventral division of the
truncus inferior (C8-T2), proximal to the formation of the n. ulnaris. The common stalk
is shared with the medial cutaneous nerves of the arm and forearm.

-

The n. pectoralis lateralis arises more caudally than is normally seen, directly from the
ventral division of C7 before it is joined by the truncus superior of C5-6.

-

The n. musculocutaneous arises from the ventral division of the fasciculus lateralis, distal
to the combination of C5-6 with C7. It forms at the point where the lateral head of the n.
medianus branches off. The n. musculocutaneous forms as a single nerve that pierces the
m. coracobrachialis, provides innervation to the flexor compartment of the arm, and a
branch continues on as the n. lateral cutaneous antebrachium, which appears to supply
part of the dorsal cutaneous skin of the forearm and hand, a condition not usually
observed in primates, but also seen in the study specimens of Kanagasuntheram and
Mahran (1960).

-

The n. medianus forms via a lateral head from the ventral divisions of truncus medius
(distal to the addition of C5-6) and from a medial head via the truncus inferior, mainly
C8-T1, but a small contribution from T2 that may be present. These two heads converge
in the axilla and proceed into the arm in the brachial neurovascular bundle, where the
nerve continues into the forearm. In the forearm it provides innervation for the majority
of the flexor muscles, barring the m. flexor carpi ulnaris and the medial half of the m.
flexor digitorum profundus. In the forearm, the n. medianus gives off what is likely
equivalent to a recurrent branch of the n. medianus seen in humans, except it splits from
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the main nerve before the flexor retinaculum and travels superficial to the carpal tunnel to
innervate the thenar compartment of the thumb. This condition is also observed by
Kanagasuntheram and Mahran (1960) in Galago senegalensis.
-

The n. ulnaris forms as the distal continuation of the truncus inferior, which is the result
of C8 combining with a joined T1-2. This nerve continues into the arm by traveling deep
to the m. dorsiepitrochlaris, wrapping around the medial epicondyle of the os humerus,
and piercing the heads of the m. flexor carpi ulnaris. In the forearm is innervates the m.
flexor carpi ulnaris and the medial half of the m. flexor digitorum profundus. In the hand,
Kanagasuntheram and Mahran (1960) report a connection between the n. ulnaris and n.
medianus, but that was not observed in this specimen.

Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
-

The n. thoracicus longus forms from two rootlets that that arise from the dorsal aspects of
C6 and C7, that join together in the posterior aspect of the interscalene triangle. The
nerve descends along the deep surface of the m. scalenus medialis, but does not pierce it,
and emerges at the caudal aspect of the muscle to innervate the m. serratus anterior from
its superficial surface.

-

The n. thoracodorsalis is a thin nerve that arises from the dorsal aspect of the n. radialis
and proceeds as a single unit to the deep belly of the m. latissimus dorsi, where it
provides the muscle with motor innervation.
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-

The n. subscapularis superior arises as a single superior nerve near a common stalk with
the n. suprascapularis, primarily from C5-6, but possibly also containing fibers from C7
as it forms post-formation of the truncus superior. A small auxiliary nerve branches form
the n. subscapularis inferior to innervate the caudal-most portion of the m. subscapularis
but may not be considered part of the n. subscapularis superior nerve complex.

-

The n. subscapularis inferior derives from the dorsal aspect of C8 but may contain fibers
from either C7 or T1/T2, as its epineural sheath extends among these adjacent nerve
roots. It shares a common origin with the n. axillaris

-

The n. axillaris branches from the dorsal aspect of the combined upper and truncus
medius, primarily from C6, but post junction with C5 and C7.

-

The n. radialis forms from the dorsal divisions of the upper, middle and truncus inferiors,
though the upper and truncus medius join together before combining with the truncus
inferior in a stepwise fashion. It likely contains all fibers from the plexus brachialis (C5T2).
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Figure 3.25. Galago crassicaudatus (SB-GS -1) right plexus brachialis. Dorsal view.
Intraspecific polymorphisms of study specimens
There were no other specimens available for this study.

Summary
The plexus brachialis of Galago crassicaudatus presents with root contributions form
C5-T2 (2/2 sides), though C5 almost exclusively contributes to the n. suprascapularis, adding to
the plexus so superficially that it is unclear if it actually contributes fibers to the more-caudal
segments or exists entirely within the aforementioned terminal nerve. The plexus forms simply,
with a minimal number of dorsal/ventral divisions. The dorsal nerves (n. subscapularis
superior/inferior, n. axillaris, n. radialis, n. thoracodorsalis) form in a stepwise fashion, each
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primarily deriving their mass from the dorsal division of a different root. The fasciculus lateralis
and fasciculus medialis for as in other primates, though the fasciculus posterior does not truly
form, as the dorsal division of the truncus medius and truncus inferior combine distal to the
derivation of the n. axillaris. While the formation of the plexus is unremarkable overall, its
general simplicity and extremely reduced contribution from C5 are notable.

Notes
Kanagasuntheram and Jayawardene (1957) describe a communication between the n.
medianus and n. ulnaris, and a connection between the n. musculocutaneous and n. medianus.
The researchers note that the superficial and deep digital nerves that are commonly observed in
the hand of Loris are not also seen in Galago. Furthermore, they report the complete absence of a
n. radialis in the forearm of Galago.
Kanagasuntheram and Mahran (1960) dissected two plexus brachialis of Galago
senegalensis. They describe both specimens as receiving no contribution from C4, a small
contribution from C5, and a large contribution from T2. No truncus superior is noted in any
specimens, though C5-6 do appear to divide into dorsal and ventral aspects. C7 forms a truncus
medius, while C8-T2 form a truncus inferior. Medial and fasciculus lateralis are noted as
forming in a recognizable manner, but no fasciculus posterior is formed by the dorsal divisions
of the nerves. The researchers depict the n. axillaris and the n. subscapularis inferior as sharing a
common root, which was a condition not seen in the study specimen used for this thesis.
Kawashima and Thorington (2011) depict the plexus brachialis of Galago senegalensis
in concert with the cervical plexus and other associated soft tissues. The researchers depict (but
do not describe) the plexus as having contributions from C5-T1, with a small junction of T2
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bilaterally. The more cranial root contributions (C5-6) are depicted as much smaller than the
caudal contributions (C7-T2). C5 and T2 are the smallest contributions, with C8 and T1 being
the largest. The truncus superior is primarily formed by C6 with a small contribution form C5,
and C8-T1 exists as a long trunk that does not contribute to the fasciculus posterior, but rather
joins with the rest of the plexus brachialis as a contribution for the medial head of the median
nerve. No fibers from the upper or truncus medius are depicted as joining the truncus inferior on
either side. The a. axillaris is depicted as passing over the fasciculus medialis and under the
fasciculus lateralis to lie ventral to the fasciculus posterior.
______________________________________________________________________________
3.4.12. Gorilla gorilla
Number of specimens
n=3, np=5
Specimen list
UC-GG-1, UC-GG-2, SB-GG-1
Designated descriptive specimen
UC-GG-1
Descriptive anatomy for designated specimen
The left plexus brachialis of UC-GG-1 forms in the interscalene triangle, with no
elements piercing the m. scalenus anterior. It forms from the spinal roots of C4-T1, with a
strong, marked contribution from C4 at the upper aspect of the plexus. C4 connects to both the
ventral aspect of C5 and the combined junction of C5-6 and C7, suggesting that it contributes to
more than just the n. suprascapularis, contra to what was depicted in Raven (1950). As
commonly reported in other specimens of Gorilla, only two true trunks form: a large, diffuse
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truncus superior from C4-7, and a more condensed lower from C8-T1. The truncus superior is
formed somewhat atypically, as some elements of the truncus superior do not have true dorsal
and ventral splits. C5 solely provides fibers to the n. suprascapularis, but a secondary, caudally
oriented contribution branches from the lower aspect of the nerve and joins with the stalk of the
n. axillaris. C6 has no true dorsal contribution, and only directly contributes cranially to the n.
suprascapularis. An indirect, caudally oriented branch from the combined C4-6 join with the
dorsal division of C7, forming the beginnings of the n. subscapularis superior. The truncus
inferior is equally composed of C8 and T1. The fasciculus lateralis is a continuation of the
truncus superior (C4-6) and the fasciculus medialis a continuation of the truncus inferior (C7T1). As observed in other apes and humans, but not other primates, the fasciculus posterior
forms prior to the branching of the n. axillaris. Numerous pectoral nerves are present, though
none pierce the m. pectoralis minor in their routes to the m. pectoralis major and m. pectoralis
abdominus (m. pectoralis quartus). The n. phrenicus is formed by a contribution from C4 joining
the root of C5, which then branches over the m. scalenus ventralis to descend into the thorax.
The n. dorsalis scapulae forms from C4-5 and shares a common root with the n. thoracicus
longus in the posterior aspect of the plexus. The n. subclavius exists as a stout nerve that forms
from the same branching point as the n. pectoralis lateralis. Distally, it trifurcates and provides
innervation to the m. subclavius from the muscles deep surface. The axillary artery passes deep
to the medial and fasciculus lateralis.
Ventral nerves
-

The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. medianus, n.
ulnaris.

144

-

The n. suprascapularis forms somewhat atypically in this specimen. It arises primarily
from the dorsal aspect of C5 but receives a contribution from C4 and C6. Additionally, a
connection exists between C6 and C7 that could allow for fibers from C7 to supply the n.
suprascapularis.

-

The n. pectoralis medialis arises from the ventral aspect of the fasciculus medialis (C8T1). It does not pierce m. pectoralis minor, but rather travels around the muscle to
innervate m. pectoralis major. The nerve gives off a single branch to form an ansa
pectoralis, after which it provides innervation to both the m. pectoralis major and m.
pectoralis abdominus (quatrus of Raven, 1950).

-

The n. pectoralis lateralis forms solely from the ventral aspect of C7, though may contain
some fibers from C5-6, as its branching point is slightly distal to the junction of C6 and
the remainder of the truncus superior with C7. It bifurcates around the m. pectoralis
minor, the medial-most branch of which receives a connection from a branch of the n.
pectoralis medialis.

-

The n. musculocutaneous exists a continuation of the truncus superior and appears to
form primarily from the more cranial fibers from C4-6, though it may also contain fibers
from C7 as it branches distal to the junction points of these nerves. It forms initially as
two small, conjoined nerves. The proximal-most branch, which does not pierce the m.
coracobrachialis, continues laterally between the m. biceps brachii and the m. brachialis
to form the n. cutaneous lateralis antebrachii. The distal-most branch does pierce the m.
coracobrachialis and remains in the forearm to provide innervation.

-

The n. medianus forms from two heads, a lateral head from the ventral division of the
upper cord, (mainly through C7), and a medial head through the truncus inferior of C8-
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T1. In the forearm, the n. medianus pierces the two heads of the m. pronator teres and
supplies motor innervation to the forearm flexors excepting the m. flexor carpi ulnaris
and the medial half of the m. flexor digitorum profundus. In the hand, the median supplies
the sensory information to the lateral three and a half digits, and motor innervation to the
lateral two lumbricals.
-

The n. ulnaris forms as a continuation of the fasciculus medialis after the branching of
the cutaneous nerves to the arm and forearm. It arises purely from C8-T1 and continues
on at the branching point of the medial head of the n. medianus. The n. ulnaris receives a
small contribution from the n. radialis in the distal 1/3rd of the forearm. It supplies the m.
flexor carpi ulnaris and the medial half of the m. flexor digitorum profundus. In the hand
it supplies the medial two lumbricals and provides sensory information for the medial one
and a half digit rays.
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Figure 3.26. Gorilla gorilla (UC-GG -1) left plexus brachialis. Ventral view.
Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
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-

The n. thoracicus longus forms on the dorsal aspect of root C5, C6, and C7. The nerve
descends caudally, deep to the m. scalenus medialis, where it inserts into the superficial
surface of the m. serratus anterior.

-

The n. thoracodorsalis arises from the dorsal aspect of the n. radialis, and likely contains
fibers from C8-T1. It forms as a distinct, direct branch that only provides innervation to
the m. latissimus dorsi. The nerve receives a thin epineural branch from the n.
subscapularis superior, which is uncharacteristic in primates. It is possible that this
branch adds fibers from the higher trunks C4-7, but unlikely that it would provide more
than C7 given the distribution.

-

The n. subscapularis superior forms as a single nerve from the dorsal division of the
truncus superior (C4-6). The nerve inserts into the cranial-most third of the m.
subscapularis costal surface. Along its route, it sends a branch that joins with C8 to form
the n. thoracodorsalis

-

The n. subscapularis inferior forms as a separate branch on the distal segment of the
combined dorsal division of the upper plexus brachialis segments (C4-7), before they
join the truncus inferior to form the n. radialis. The n. subscapularis inferior shares a
common origin with the n. axillaris, and directly innervates the m. teres major from its
costal surface. It additionally sends a small branch to the caudal-most third of the m.
subscapularis.

-

The n. axillaris arises from the dorsal divisions of C4-7 just distal to the formation of the
n. suprascapularis superior, though the primary mass of the nerve appears to form from
C5 and C6. In the study specimen, there is no direct dorsal branch from C6 to the n.
axillaris, but rather the root likely contributes through a connection with C7. It forms on
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a common stalk with the n. subscapularis inferior, from which it separates as it passes
into the foramen humerotricipitale. When deep to the m. deltoideus the nerve branches
into a ventral and dorsal arc, the ventral providing innervation to the anterior 2/3rds of the
muscle, and the dorsal providing for the posterior third. An additional branch of the
posterior division extends to the m. teres minor.
-

The n. radialis forms from two heads that result from branches of the dorsal divisions of
the medial (C4-7) and lateral (C8-T1) cords, which form into a true fasciculus posterior
analogous to that seen in humans. The lateral head forms distal to the branching of the n.
subscapularis inferior and is primarily derived from C7, while the medial head is
primarily derived from C8 and splits prior to the ventral division that gives rise to the n.
ulnaris and n. medianus. This nerve likely contains fibers from all contributing roots,
possibly excluding C4. It passes into the arm via the triceps hiatus, where it curves
laterally around the dorsal aspect of the os humerus. In route, it provides short, direct
branches to the m. dorsoepitrochlearis and the m. triceps brachii. It pierces the m.
supinator to enter the dorsum of the forearm, where it provides innervation to all the
extensor muscles.

149

1cm

Figure 3.27. Gorilla gorilla (SB-GG -1) left plexus brachialis. Dorsal view.
Intraspecific polymorphisms of study specimens
UC-GG-2
This specimen was heavily dissected, and only some components of the plexus brachialis
were preserved and visible on both sides. On the left, the roots C4-T1 contributed to the plexus,
but on the right the caudal roots below C6 were destroyed, limiting positive identification of root
contributions to C4-6. On the left, two trunks were formed, an upper of C4-7, and a lower of C8T1 as is commonly observed for Gorilla. Segments distal to the trunks were not completely
preserved.

SB-GG-1
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The left plexus brachialis of SB-GG-1 presents few variations on the theme of the
structures outlined above for UC-GG-1. Two trunks were also observed in this specimen, though
the truncus superior was more cohesive than in the designated descriptive specimen. The root
contributions were C4-8 and T1. In a commonly observed variation, the two trunks are more
evenly split than in the study specimen, with the upper being composed of C4-6 and the lower of
C7-T1. The distal segments conform to the general archetype of the study specimen, except in
that the n. musculocutaneous, n. subscapularis superior, n. subscapularis inferior, and n.
axillaris do likely contain fibers from C7.

Summary
The plexus brachialis of the Gorilla gorilla specimens dissected here consistently present
with root contributions from C4-T1, in what is possibly the most pre-fixed plexus formation
observed in the primary dissections conducted for this thesis. The most notable characteristics of
the plexus in this taxon are the strong contribution from C4, and the lack of a true truncus
medius. The latter condition is a result of the combined dorsal/ventral branch of C7 adding itself
to the truncus superior or truncus inferior in nearly equal frequency immediately after emerging
from the interscalene triangle. Researchers generally agree that the plexus brachialis in Gorilla is
comprised of roots from C4-T1 (Deniker, 1886; Eisler, 1890; Miller, 1934; Raven, 1950;
Preuschoft, 1964; Koizumi and Sakai, 1995), and that C4 contributes at least to the n.
suprascapularis, though Eisler (1890) and Preuschoft (1964) both suggest that it contributes to
the majority of the distal terminal nerves in both the dorsal and ventral compartments. No
researcher suggests that T2 contributes to the plexus in a meaningful capacity, though Raven
(1950) does illustrate that T2 distally joins the cutaneous nerves of the arm through the n.
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intercostobrachialis. C6-8 are generally illustrated as the largest nerves of the plexus, with T1
being miniscule in comparison. The plexus is typically described as “pre-fixed” by researchers in
reference to the contribution of C4, in congruence with the other great apes and occasionally
gibbons (Bolk, 1902). A distinct characteristic noted by several researchers (e.g., Eisler, 1890;
Raven, 1950; Koizumi and Sakai, 1995) is the lack of the three discrete trunks (upper, middle,
and lower) commonly reported in primates. These researchers report two trunks, an upper and
lower, variably comprised of C4-7 and C8-T1 (e.g., Miller, 1934), or C4-6 and C7-T1 (Eisler,
1890). The two trunks are generally shown to connect through a ventral division into the medial
and lateral head of the n. medianus (e.g., Eisler, 1890).
There is some disagreement about the specific axon contributions for individual terminal
nerves, as few histological or microdissection studies have been conducted to rectify the
ambiguity. Koizumi and Sakai (1995) note that the C4 contribution extends into the n.
musculocutaneous in Gorilla, but do not trace the fibers of the more caudally originating nerves.
Further research is necessary to determine fiber contributions to each terminal nerve.

Notes
Eisler (1890) describes the neural anatomy of the gorilla in great detail. The researcher writes
that the plexus brachialis of his specimens is comprised of C4-T1, though in his descriptions C4
does not add a significant contribution to the plexus brachialis as it only shown to contribute to
the n. phrenicus, the n. suprascapularis, and the n. radialis through a dorsal branch. In the
primary illustration of the form of he plexus brachialis, Eisler depicts a formation of only two
trunks: an upper consisting of C5-6, and a lower consisting of C7-T1 on the left side, and of an
atypical pattern where C7 sends ventral branches to both the upper and lower cords on the right.
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The n. thoracicus longus is shown to arise from C5-6. The fasciculus lateralis is shown to be
composed of C5-6, and to end in the split between the n. musculocutaneous and the lateral head
of the n. medianus. C7 does not contribute a ventral branch to the fasciculus lateralis. No direct
ventral connection between C5-6 and C7-T1 before median head. The axillary artery is depicted
as travelling superficial to the medial head but deep to the lateral head of the median nerve
bilaterally.
Per Raven (1950), the n. cutaneous medialis is derived from T2-3 in gorillas. Gibbs describes
the n. dorsalis scapulae as arising from C4-5, suggesting no contribution from C4 in other apes
(contrary to my findings). Miller (1934) also notes that the gorilla plexus brachialis only exhibits
two trunks (C4-7 and C8-T1).
Per Koizumi and Sakai (1995), the m. coracobrachalis is variably innervated by the n.
musculocutaneous, and they note that the nerve does not pierce the muscle, though this is
contradicted by several of my dissections. These researchers dissected two plexus brachialis (left
and right of the same specimen), finding a truncus superior (C4-6), truncus medius (C7), and
truncus inferior (C8-T1), although their schematic illustration of the gorilla plexus brachialis
does not clearly demonstrate three trunks, but rather the more commonly seen two (upper and
lower) where C4-6 and C7-T1 constitute independent trunks. This may be an issue with the
definitions used to classify nerve segments in the plexus, but as they do not list their criteria this
discrepancy remains unresolved. Because of careful nerve fiber tracing, the researchers
determined that the n. musculocutaneous was either entirely derived from C5, or from C4-5, and
that the n. medianus was mainly derived from C6.
Kawashima and Sato (2012) illustrate (but do not describe) the left plexus brachialis of an
adult Gorilla gorilla in concert with the cervical plexus and surrounding soft tissues. They depict
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it as forming in the interscalene space, and being comprised of fibers from C4-T1, the
contribution from C4 being small but distinct from the branch to the n. phrenicus, which is
comprised of C3-5. C4-7 form the truncus superior. No true truncus medius is formed, as is
typical of Gorilla. C8 and T1 alone make up the truncus inferior and provide both a dorsal
division to the fasciculus posterior and a ventral contribution in the medial head of the n.
medianus. The a. axillaris passes between the medial and fasciculus lateralis to lie ventral to the
fasciculus posterior. The n. thoracodorsalis arises from the radial nerve, distal to the branching
of the n. axillaris off the fasciculus posterior.
Kawashima and Sato (2012) additionally illustrate (but do not describe) the right plexus
brachialis of a juvenile Gorilla gorilla in concert with the cervical plexus and surrounding soft
tissues. They depict it as forming in the interscalene space, and being comprised of fibers from
C4-T1, the contribution from C4 being significant in size but distinct from the branch to the n.
phrenicus, which is comprised of C3-5. C4-6 form the truncus superior, though no true truncus
medius is formed, as is typical of Gorilla. Instead, C7 immediately joins with C8-T1 form the
lower/truncus medius. The cords form normally, with ventral divisions of C4-6 making up the
fasciculus lateralis (terminating in the n. musculocutaneous and the lateral head of the n.
medianus), ventral divisions of C7-T1 making up the fasciculus medialis (termination not
depicted, but shown as joining the fasciculus lateralis), and dorsal divisions from all root levels
making up the fasciculus posterior. Distal nerve patterning is not depicted beyond the junction of
the medial and fasciculus lateralis as they form the medial and lateral heads of the n. medianus.
The a. axillaris passes between the cords to lie ventral to the fasciculus posterior.
______________________________________________________________________________
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3.4.13. Hylobates sp.*
Number of specimens
n=7, np=12
Specimen list
SB-Hsp-1, SB-Hsp-2, UC-Hsp-1, UC-Hsp-2, UC-Hsp-3, HU-Hsp-1, MS-Hsp-1
Designated descriptive specimen
SB-Hsp-2
Descriptive anatomy for designated specimen
*Note: the taxonomic and evolutionary relationships of hylobatids are a topic of continual
debate. Most authorities are inclined to divide Hylobatidae into four genera based on both
genetic and morphological data: Hylobates, Hoolock, Symphalangus, and Nomascus (Groves,
2001; Chan et al., 2010; Thinh et al., 2010a; Roos, 2016). All specimens available for this study
were accessioned as Hylobates, and generally assigned the species designation of H. lar where
provided, though visual confirmation based on morphology or pelage of this was difficult due to
the often heavily pre-dissected nature of the cadavers. As hylobatids are morphologically similar
on inspection (particularly where relevant information like pelage are unavailable), and as
detailed records (e.g., provenance, genealogy) are not available for any of the specimens
dissected here, a cautious approach of not assigning a species designation is taken. Thus, all
hylobatids studied here, with the exception of the lone siamang (Symphalangus syndactylus)
which had extensive documentation provided by the Antwerp Zoo, are designated as “Hylobates
sp.”. Additional information on possible species assignation is provided with the individual
species details in Appendix 5.
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The left plexus brachialis anatomy of SB-Hsp-2 is typical of the gibbons (both Hylobates
and Symphalangus) observed for this project and described in the literature (e.g., Köhlbrugge,
1890, Koizumi, 1980). It is comprised of the usual number of root contributions (C5-T1), with
no additional contribution from C4, though T1 is particularly small. The entire complex is
slender, elongated, and condensed (cf. Miller, 1934), giving it a morphology distinct from other
primates. The nerve complex exits entirely through the intermuscular septum between the m.
scalenus anterior and m. scalenus medius. Three short trunks form in the interscalene triangle: a
truncus superior (C5-6), truncus medius (C7), and truncus inferior (C8-T1), though each is
particularly compact, and they immediately coalesce into a ventral and dorsal bundle. As is
typical for gibbons, a thick epineurium sheath encases all the ventral divisions of the trunks,
leading to the appearance of an “fasciculus anterior/ventralis”, rather than the fasciculus
lateralis and fasciculus medialis typical to other apes (Koizumi, 1980). The fasciculus posterior
likewise receives contributions from the dorsal division of all nerves involved in the plexus and
is encased in a thick epineurium leading to the appearance of a “fasciculus posterior”. There is
no obvious crossing of dorsal and ventral divisions throughout the length of the plexus distal to
the combined trunks.
Regarding the structures surrounding the plexus brachialis, the a. axillaris does not pass
deep between the fasciculus lateralis and fasciculus medialis, but rather passes into the axilla
superficial to the plexus.
Ventral nerves
-

The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. medianus, n.
ulnaris.
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-

The n. suprascapularis arises from the truncus superior (C5-6) briefly after the trunk
exits from the interscalene space. It is a single unit and maintains structural continuity
until it travels through the incisura scapulae to provide twigs of innervation to the m.
supraspinatus. It then travels through the incisura scapulae inferior to the ligamentum
transversum scapulae superior et inferior, branching out caudally to innervate the m.
infraspinatus from its deep surface.

-

The n. pectoralis medialis forms mainly from the epineural extension of C7, distal to the
formation of the n. pectoralis lateralis. It does not pierce the m. pectoralis minor, but
rather travels deep to it into the deep belly of the m. pectoralis major and the m.
pectoralis abdominis.

-

The n. pectoralis lateralis arises primarily from the combined C5-6 in the anterior cord
but may also receive contribution from C7 as there is an epineural connection present
between the branches. It provides innervation to both the m. pectoralis minor and m.
pectoralis major. It does not pierce the m. pectoralis minor in route to the m. pectoralis
major, but rather travels superficial to it and embeds itself in the deep belly of the m.
pectoralis major.

-

The n. musculocutaneous does not form distinctly as a continuation of the fasciculus
lateralis as seen in most primates, but rather as a series of small, direct connections from
an “anterior” cord comprised of both the fibers that innervate the flexor compartment of
the arm, the n. medianus, and the n. ulnaris. The distal-most nerve pierces the m.
coracobrachialis.

-

The n. medianus is a thick nerve comprised from the ventral divisions of all contributing
roots (C5-T1). It does not form from two heads as it typical of other primates, but rather
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from a thick “anterior” cord that also houses the fibers that will eventually become the n.
musculocutaneous and the n. ulnaris.
-

The n. ulnaris forms from a combined “anterior” cord that proximally contains fibers
from all contributing ventral root levels (C5-T1). It branches off distally, but prior to the
junction

1cm

Figure 3.28. Hylobates sp. (SB-Hsp-2) left plexus brachialis. Ventral view.
Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
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-

The n. thoracicus longus primarily arises from the dorsal aspect of C6, with a small twig
from C7 providing additional neural fibers. This nerve travels in the intermuscular
septum between the anterior and middle scalene muscles, passing inferior to the costal
belly of the m. scalenus medius. It then descends caudally, providing innervation to the
m. serratus anterior on its ventral surface.

-

The n. thoracodorsalis forms directly off the dorsal aspect of the fasciculus posterior
prior to the formation of the n. radialis. It arises from the common junction point of the
combined upper dorsal head (C5-7) and the dorsal extension of C8-T1. It likely derives
its axons from C8-T1 or C7-8 given its placement. It extends laterally into the deep
surface of the m. latissimus dorsi as a singular nerve and embeds itself into the muscle
belly.

-

The n. subscapularis superior exists as a complex of three nerves that form off the dorsal
division of upper roots of the plexus brachialis (C5-7). The superior-most branch forms
from the combined C5-6 dorsal division as it branches to join C7, while the two inferiormost branches form from the combined epineural sheath housing both C5-6 and C7 in an
evenly spaced arrangement. All the nerves embed themselves in upper 2/3rds of the
costal surface of the m. subscapularis.

-

The n. subscapularis inferior forms as two separate nerves, one that innervates the
caudal-most portion of the m. subscapularis, and a second that innervates the m. teres
major directly. The origin branches from a point near the n. axillaris. The upper nerve
likely is derived from C7 and the lower from C8.

-

The n. axillaris arises primarily from the dorsal division of the combined C5-7 roots,
though it shares an epineural connection with the combined branches from C8-T1. It
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proceeds to innervate the m. deltoideus mainly through a ventral branch, and the m. teres
minor through a dorsal branch that exits under the posterior border of the m. deltoideus.
-

The n. radialis is comprised of the dorsal divisions of all spinal nerves contributing to the
plexus brachialis (C5-T1). It forms from a combined C5-7 lateral head that joins a
combined C8-T1 medial head. The n. radialis is the distal continuation of the fasciculus
posterior and is formed at the branching point of the n. axillaris.

1cm

Figure 3.29. Hylobates sp. (SB-Hsp-2) left plexus brachialis. Dorsal view.
Intraspecific polymorphisms of study specimens
SB-Hsp-1
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This specimen notably exhibits a small contribution from C4 to the upper part of C5.
From its point of junction, it likely only adds axons to the innervation of the n. suprascapularis.
The typical hylobatid condition of an anterior and posterior rather than medial and fasciculus
lateralis are present here. The lack of a distinct n. musculocutaneous is also present. No other
derivations from the typical morphology were observed.

1cm

Figure 3.30. Hylobates sp. (SB-Hsp-1) right plexus brachialis. Ventral view.
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1cm

Figure 3.31. Hylobates sp. (SB-Hsp-1) right plexus brachialis. Dorsal view.

HU-Hsp-1
The left and right plexus brachialis of HU-Hsp-1 were heavily damaged by a previous
dissection. The typical gibbon morphology of an anterior and fasciculus posterior rather than
medial and fasciculus lateralis. The cranial-most contributing root is likely C5, though as the
higher segment is damaged it is impossible to determine. The caudal-most root is T1, as
generally observed in apes. Distally, no segment significantly varies from the designated study
specimen.
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Figure 3.32. Hylobates sp. (HU-Hsp-1) right plexus brachialis. Ventral view.
UC-Hsp-1
The right plexus brachialis of UC-Hsp-1 is heavily damaged by previous dissections. It
retains the roots and some segments of the distal nerve branches. Roots are C5-T1. It is unclear if
an anterior and fasciculus posterior form from the retained segments. The n. suprascapularis
forms from C5-6, and the n. axillaris forms from the dorsal division of a combined C5-7. The
other distal segments were too damaged to visualize.
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Figure 3.33. Hylobates lar (UC-Hsp-1) right plexus brachialis. Ventral view.
UC-Hsp-2
Only the roots of UC-Hsp-2 were preserved on both sides. As such it is impossible to
determine if this specimen exhibits any of the characteristics exhibited in the designated study
specimen. The preserved roots illustrate this specimen had spinal root contributions from C5-T1.
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Figure 3.34. Hylobates sp. (UC-Hsp-2) right plexus brachialis. Ventral view.
UC-Hsp-3
The plexus brachialis of UC-Hsp-3 only preserved the roots due to previous dissection and
received contributions from C5-T1. Elements distal to the trunks were destroyed on both sides.

MS-Hsp-1
The plexus brachialis on both sides of this specimen were severely desiccated, making
positive identification of nerves distal to the trunks difficult, though the origins of the plexus
appeared to be C5-T1. The trunks appeared to form into the commonly observed beginnings of a
fasciculus anterior/ventralis, and the dorsal divisions into a fasciculus posterior/dorsalis. The
plexus brachialis beyond the most proximal segments of the cords was too damaged to positively
identify terminal nerves on.
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Summary
The specimens dissected here all exhibit the typical plexus brachialis morphology for
gibbons of C5-T1, with a single combined fasciculus ventralis rather than separate fasciculus
medialis and fasciculus lateralis (5/5). Looking more broadly, the most typical plexus brachialis
root pattern for Hylobates is difficult to determine from the literature, as researchers have
reported varying segments as contributing. Chemen and Iribondau (as cited in Sugiyama, 1965)
claim that the root contributions for gibbons consist only of C6-8 and not C5 or T1, although
most other researchers (e.g., Köhlbrugge, 1890; Bolk, 1902; Hill, 1957; Koizumi, 1980) agree
that the gibbon plexus brachialis consists of C5-T1 always, with some researchers finding
infrequent contributions from C4 (Köhlbrugge; 1890; Miller, 1934; contra Harris, 1939) and T2
(Hill, 1957). Koizumi (1980) performed primary dissections on 13 gibbons and siamangs,
including six Hylobates lar (total of 12 plexuses). The researcher found a consistent contribution
of roots with C5 being the most cranial contribution in 100% of specimens, and T1 as the most
caudal root in 9/12 plexuses. The remaining 3 plexuses had a most caudal root of T2 (one
unilateral contribution in a specimen, and a specimen where both caudal roots were T2). Where
present, T2 was noted as being very thin. No T2 contributions were observed for the gibbons
dissected here. No contribution from C4 is noted in the tables or diagrams, aside from a
connection between the roots of the phrenic nerve (C4-5) that does not primarily join the truncus
superior of the plexus brachialis in any specimen. Beyond root contributions, the gibbon plexus
brachialis is consistently noted as being unique in its slender, compacted form. The fascicularis
medialis and fasciculus lateralis combine into a single, fused “anterior” cord in addition to the
usual fasciculus posterior and no single n. musculocutaneous nerve is formed to innervate the

166

arm flexors, but rather a series of several small, direct branches arise from the anterior cord
(Köhlbrugge, 1890, Polok, 1908; Koizumi, 1980). Another distinct feature of Hylobates is the
origin point of the n. subscapularis inferior, which forms at a common point with the n.
thoracodorsalis.

Notes
Köhlbrugge (1890) describes finding the following nerve formations: n. dorsalis
scapulae (to m. rhomboideus) receives a strong branch from C5, and a small branch from C4; n.
suprascapularis arises from C5; n. pectoralis arises from C5-6, and additionally C7 in H. agilis;
n. subclavius is only noted for Symphalangus; n. axillaris from C5-6; n. subscapularis arises
from C5-6, and he notes that the m. subscapularis, the m. teres major and the m. latissimus dorsi
are all innervated by this nerve. He describes 4 nerves total, including the n. thoracodorsalis.
The lower two n. subscapularis and the n. thoracodorsalis originate from C7-8; n. thoracicus
longus arises from C6-7. Köhlbrugge makes no mention of a distinct n. musculocutaneous, but
instead describes a series of small branches arising from the lateral border of the n. medianus,
which is corroborated by others as consistent feature of the nerves innervating the flexor
compartment of the arm (Miller, 1934; Koizumi, 1980; Koizumi and Sakai, 1995).
Hepburn (1892) suggests that the m. pronator quadratus is innervated by the n. posterior
interosseous (a derivative of the n. radialis), as opposed to the n. anterior interosseous (a
derivative of the n. medianus), though this condition was not observed in the study specimens
used here.
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Bolk (1902) describes the plexus brachialis of Hylobates as arising from C5-T1. He notes
that the m. rhomboideus receives innervation from C4-5, the m. levator scapulae from C4, and
the m. serratus anterior from C5-7.
Polak (1908) notes that the n. musculocutaneous does not arise independently in
hylobatids, and that muscular branches for the arm flexors arise directly from the n. medianus.
Miller (1934) illustrates the gibbon plexus brachialis as receiving a strong contribution of
C4 to the truncus superior along with C5-6. C7 is depicted as an independent truncus medius
until it joins with the truncus superior to form the n. medianus/n. ulnaris complex. C8 and T1 are
shown to combine into a truncus inferior that sends ventral branches to the truncus superior for
the n. medianus/n. ulnaris complex, and a dorsal branch to contribute to the n. radialis and n.
thoracodorsalis nerves. The n. thoracicus longus to the m. serratus anterior is shown as having
contributions from C5-7. The n. dorsalis scapulae is shown as arising from C4, the n. subclavius
from C5, and the n. suprascapularis as arising mainly from C5, but with possible contributions
from C4 and C6 given its place of emergence. An ansa pectoralis is shown with a lateral branch
from the body of C6 (potentially containing fibers from C4-5 and C7) and a medial branch from
C8-T1, though no individual n. pectoralis medialis or n. pectoralis lateralis are illustrated. All
ventral root contributions are shown to combine into a fused nn. median/ulnar/musculocutaneous
bundle that only begins to separate distally from the junction point of the roots. Overall, the
researcher describes the gibbon plexus brachialis as being “long, slender, and coalesced”, but
offers no evolutionary explanation for its particular form in contrast to the other apes. Harris
(1939) notes that C4 does not normally contribute to the BP of gibbons.
Koizumi (1980) notes that the absence of a n. musculocutaneous as being the most
notable characteristic, a finding that has also been reported by several other researchers (e.g.,
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Polak (1908)). This feature has also been observed in humans, though it is rare (Nakatani et al.,
1997).
______________________________________________________________________________
3.4.14. Lemur catta
Number of specimens
n=2, np=3
Specimen list
HU-LC-1, SB-LC-1
Designated descriptive specimen
HU-LC-1
Descriptive anatomy for designated specimen
The left plexus brachialis of the specimen (HU-LC-1) forms in the interscalene triangle
from the nerves C5-T1. The specimen exhibits marked spacing between the roots/trunks in a
cranial to caudal direction and a relatively simple pattern. There is no true truncus superior
formed, as C5 only joins C6 to form the n. suprascapularis and does not contribute to the caudal
segments of the plexus. C6 alone forms what could be considered a truncus superior that joins
with the pre-dorsal/ventral split of C7, though it is perhaps more accurate to describe this
specimen as only exhibiting a middle and truncus inferior while lacking a true truncus superior.
C7 alone forms the truncus medius, and C8-T1 form the truncus inferior. C7 and the combined
C8-T1 both have dorsal and ventral divisions that combine to form cords. The fasciculus
lateralis is mainly formed by the ventral division of C7 with a smaller contribution from C6, the
fasciculus medialis is formed by the ventral division of C8-T1, and the fasciculus posterior is
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formed by the dorsal divisions of C7 (possibly with a contribution from C6) and the dorsal
division of the combined C8-T1. The right plexus brachialis was not available for dissection.

Ventral nerves
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. cutaneus antebrachii
lateralis, n. medianus, n. ulnaris.
-

The n. suprascapularis is formed by a root combination from C5 and C6. The nerve
forms lateral to the interscalene triangle and penetrates the space between the os scapulae
and the m. supraspinatus. It provides twigs to innervate said muscle and continues
dorsally innervate the m. infraspinatus from its deep surface.

-

The n. pectoralis medialis arises from the fasciculus medialis (C8-T1) as a singular nerve
that joins with the n. pectoralis lateralis to form an ansa pectoralis. After contributing to
the ansa pectoralis, the nerve splits into two terminal segments, one that innervates the
caudal (sternocostal) portion of the m. pectoralis major, and one that innervates the m.
pectoralis abdominus, both muscles from their deep surfaces.

-

The n. pectoralis lateralis arises from the proximal portion of the fasciculus lateralis (C7,
possibly with C6) as a singular nerve that joins with the n. pectoralis medialis to form an
ansa pectoralis. After contributing to the ansa pectoralis, the nerve embeds itself in the
deep surface of the sternoclavicular portion of the m. pectoralis major.

-

The n. musculocutaneous forms as the distal continuation of the fasciculus lateralis and
contains fibers from C6-7. It forms as a single nerve that penetrates the body of the m.
coracobrachialis from its superficial surface and proceeds to provide innervation to the
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flexor compartment of the arm through several short branches. The n. cutaneous lateralis
antebrachii was not observed in this specimen.
-

The n. medianus forms from two heads. The medial head is comprised of a branch from
the ventral division of the fasciculus medialis (C8-T1) and forms at the split of the n.
ulnaris and the medial cutaneous nerves of the arm and forearm, and the lateral head is a
continuation of the fasciculus lateralis (C6-7) which forms at the split of the n.
musculocutaneous. The nerve travels distally into the brachial neurovascular bundle,
closely adherent to the n. ulnaris, before diving deep to the distal tendons of the m.
brachialis and proceeding laterally to enter the forearm.

-

The n. ulnaris is the distal continuation of the ventral division of the fasciculus medialis
(C8-T1). It arises at the same point as the medial head to the n. medianus and the medial
cutaneous nerves of the arm and forearm. The nerve travels laterally into the brachial
neurovascular bundle where it is closely adherent to the fully-formed n. medianus. It
travels deep to the distal tendon of the m. dorsoepitrochlearis, where it passes posterior to
the medial epicondyle of the humerus into the forearm.
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1cm

Figure 3.35. Lemur catta (HU-LC-1) left plexus brachialis. Ventral view.
Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
-

The n. thoracicus longus forms from rootlets that arise on the dorsal aspect of C6 and C7.
After combining, the rootlets pass deep to the costal surface of the m. scalenus dorsalis,
piercing it at its caudal border. The nerve embeds itself in the superficial surface of the m.
serratus anterior.
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-

The n. thoracodorsalis forms on the distal aspect of the n. radialis, after if receives its
contributions from the lower dorsal divisions of the spinal nerves of the fasciculus
posterior (C7-T1), with a possible contribution form C6). It proceeds as a single nerve
into the deep belly of the m. latissimus dorsi.

-

The n. subscapularis superior exists as a cluster of two nerves of equal size that form
from the dorsal division of C6 for the more cranial and from C6-7 for the more caudal
element. The upper element penetrates the upper 1/3rd of the m. subscapularis, and the
lower element penetrates the middle 1/3rd.

-

The n. subscapularis inferior is not initially a distinct nerve, but rather shares a stalk with
the n. axillaris until its junction with the m. teres major.

-

The n. axillaris arises from the dorsal aspect of the fasciculus posterior, after it receives
the spinal root contributions from, though it likely only receives axons from C6-7 given
its point of formation. It proceeds through the quadrangular space where it splits into a
cutaneous and muscular branch.

-

The n. radialis is the distal continuation of the fasciculus posterior and contains fibers
from the dorsal divisions of C6-T1. After its formation, it travels into the triangular
interval, deep to the humeral tendon of the m. latissimus dorsi and m. triceps brachii
caput longum. In the arm, it provides several short branches to the m. triceps brachii as it
travels distally, and one longer branch to the m. anconeus.

Intraspecific polymorphisms of study specimens
SB-LC-1
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The left plexus brachialis of SB-LC-1 is similar in overall structure to the study specimen
HU-LC-1. It does not have a true truncus superior, as C5 appears to only provide a contribution
to the n. suprascapularis, with the bulk of the plexus forming from the more caudal segments.
As in the primary study specimen, the ventral division of C6 joins the ventral extension of the
truncus medius (C7) to form the fasciculus lateralis, while C8-T2 form the truncus inferior and
fasciculus medius. The truncus medius is not immediately divided into dorsal and ventral
branches and does not contribute to the fasciculus medius, but rather sends a branch directly to
the n. radialis and continues to provide the lateral head of the n. medianus. A true fasciculus
posterior does not form, as the cranial segments give off the n. axillaris (C6-7) prior to joining
the dorsal division of the truncus inferior. The caudal segments (C8-T2) are larger in size than
the cranial portions, excepting T2 which is similar in size to C6. The right plexus brachialis
strongly reflected the pattern of the left, with no major derivations from the general theme
described above.

174
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Figure 3.36. Lemur catta (SB-LC-1) left plexus brachialis. Dorsal view.
Summary
The plexus brachialis of Lemur catta is most typically derived from C5-T2 (2/2
specimens, 3/3 sides, 100%), though C5 does not truly contribute to the entire plexus, only the n.
suprascapularis. These roots combined to form two true trunks (truncus medius, C7; truncus
inferior, C8-T2), and one pseudo-trunk (truncus superior, C6 with an insignificant contribution
from C5). These trunks in turn form two true cords (fasciculus lateralis et medialis) and one
pseudo-cord (fasciculus posterior), consistent with the typical pattern seen in strepsirrhines,
wherein the roots of the plexus brachialis are widely spaced and sparsely connected, with a weak
contribution from C5.
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Notes
Bolk (1902) describes the plexus brachialis of Lemur as arising from C5-T1. He notes
that the m. rhomboideus receives innervation from C5-6, the m. levator scapulae from C4-6, and
the m. serratus anterior from C6-7.
Miller (1934) describes the lemur plexus brachialis as unspecialized and typical for an
arboreal quadruped, exhibiting the characteristic pattern seen in Order Primates (C4-T1). Two
trunks are described as opposed to the usual human condition of three, but the normal human
condition of three cords is reported to be present. The contribution from C4, and generally prefixed condition, are in stark contrast to the specimens dissected for this thesis which were both
found to be primarily comprised of C6-T2, with a small connection from C5 that only appears to
form the n. suprascapularis.
Kawashima et al., (2013) illustrates the plexus brachialis of Lemur catta in concert with
the cervical plexus and other associated soft tissues. The researchers depict (but do not describe)
the plexus as having contributions from C5-T1 bilaterally. The morphology shown in their
illustration depicts a broadly human morphology, complete with the most commonly observed
root, trunk, cord, and nerve formations. The n. axillaris is depicted as receiving contributions
from C5-7.
______________________________________________________________________________
3.4.15. Leontopithecus rosalia
Number of specimens
n=2, np=4
Specimen list
UC-LR-1, UC-LR-2
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Designated descriptive specimen
UC-LR-1
Descriptive anatomy for designated specimen
The left plexus brachialis of UC-LR-1 forms in the interscalene triangle between the m.
scalenus anterior and m. scalenus medius, with no substantial piercing of either muscle by spinal
nerve roots. The root composition of the plexus brachialis is C5-T1, with a small contribution
from T2. Three trunks are formed, all with dorsal and ventral divisions. The truncus superior is
comprised mostly of C6, but with a small contribution from C5. The truncus medius is formed
from C7 alone. The truncus inferior is formed from the combination of C8-T1 with a small
contribution from T2. The truncus superior, mainly C6 an C5 primarily contributes to the n.
suprascapularis and nothing else, divides into a ventral branch that combines with the ventral
branch of the truncus medius to form the fasciculus lateralis. The dorsal branch of the truncus
superior contributes to the fasciculus posterior. The truncus medius sends its ventral branch to
join the branch from the truncus superior, and a dorsal branch to contribute to the fasciculus
posterior. The truncus inferior sends a dorsal division to the fasciculus posterior, and its ventral
branch becomes the fasciculus medialis. The overall morphology of the plexus is relatively
typical for primates. The n. subclavius appears to branch from the junction of C5-6 but is
relatively small and its actual root contributions could not be determined. The n. phrenicus arises
from rootlets provided by C4-6 and descends into the thoracic cavity on the superficial surface of
the m. scalenus anterior. The right plexus brachialis receives a small connection from C4,
though it joins the truncus superior where a branch from the n. phrenicus emerges from the
trunk, and therefore may be a connection purely to that terminal nerve without adding axons to
the plexus brachialis proper. The right plexus was nearly identical in its other morphology.
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Ventral nerves
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. cutaneus antebrachii
lateralis, n. medianus, n. ulnaris.
-

The n. suprascapularis is the most proximal terminal nerve to form on the plexus
brachialis in this specimen It arises from the cranial surface of C5 close to the junction
with C6 for the formation of the truncus superior, and therefore may carry some fibers
from C6. It is a stout nerve that is singular in formation, and travels into the space
between the m. supraspinatus and the scapulae in the fossa supraspinata. Here it
provides a short branch to the m. supraspinatus and continues through the incisura
scapulae to the dorsal aspect of the scapula, where it travels caudally and provides
innervation to the m. infraspinatus.

-

The n. pectoralis medialis forms as a single branch from the ventral aspect of the lower
cord (C8-T1, with a small, possible contribution from T2). The nerve forms at the
junction of the medial cutaneous nerves of the arm and forearm. It is singular in structure
and pierces the m. pectoralis minor en route to the m. pectoralis major, to which it
provides innervation from the muscle’s deep (costal) surface. No ansa pectoralis is
formed with the n. pectoralis lateralis.

-

The n. pectoralis lateralis forms as two branches from the ventral division of C5-6 and
separately from C7, which combine into a short trunk and then bifurcate into two separate
nerves. The larger, more proximal nerve inserts into the costal surface of the m.
pectoralis major in its cranial/clavicular aspect, while the smaller, more distal nerve
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inserts into the more caudal/sternocostal aspect of the muscle. No ansa pectoralis is
formed with the n. pectoralis medialis.
-

The n. musculocutaneous is a distal continuation of the fasciculus lateralis, and likely
contains fibers from C5-7. It forms at the point of bifurcation with the lateral head of the
n. medianus. A small, supplementary branch is formed at the proximal base of the nerve,
but the larger main component is singular in its origin and distribution. The nerve pierces
the m. coracobrachialis and splits into several small segments that innervate the flexor
compartment of the arm. A branch then continues laterally, between the deep belly of the
m. biceps brachii and the superficial belly of the m. brachialis to become the n.
cutaneous lateralis antebrachii.

-

The n. medianus forms from two heads, both contributions coming from the medial and
fasciculus lateralis. The lateral head arises from the ventral division of the fasciculus
lateralis, mainly formed through the bulk of C7 with a smaller contribution from C5-6. It
splits with the n. musculocutaneous distally in the axilla and contributes to the n.
medianus as a small supplementary nerve and a larger distal bundle. The medial head of
the n. medians forms as a continuation of the fasciculus medialis at the point of
bifurcation with the n. ulnaris as a single branch (C8-T2). The n. musculocutaneous
enters the brachial neurovascular sheath along with the n. ulnaris and the cutaneous
nerves of the arm and forearm. Distally in the arm, it travels ventral to the medial
epicondyle to enter the forearm through the proximal heads of the m. pronator teres.

-

The n. ulnaris forms as a continuation of the fasciculus medialis, arising from the ventral
divisions of C8-T2 with no direct contributions from the more cranial spinal nerve
segments. It splits at the point of bifurcation for the medial head of the n. medianus and
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continues into the brachial neurovascular bundle between the medial aspects of the m.
biceps brachii and the m. brachialis. Distally in the arm, it dives behind the distal tendon
of the m. triceps brachii to pass into the forearm dorsal to the medial epicondyle and
through the heads of the m. flexor carpi ulnaris.

1cm

Figure 3.37. Leontopithecus rosalia (UC-LR-1) left plexus brachialis. Ventral view.
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Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
-

The n. thoracicus longus appears to take only two nerve rootlets, one from C5 and one
from C6. Both rootlets arise from the dorsal aspect of their corresponding spinal nerve
and join together deep to the m. scalenus medialis. After combining, the nerve travels
caudally and embeds itself in the superficial surface of the m. serratus anterior.

-

The n. thoracodorsalis forms somewhat atypically from other primates in this specimen.
It arises from the dorsal division of the combined truncus medius and truncus inferior
(C8-T1) before they connect with the truncus superior to form the n. radialis. It does not
form from the fasciculus posterior or n. radialis as is commonly observed in primates. It
travels directly into the deep (costal) belly of the m. latissimus dorsi.

-

The n. subscapularis superior exists as a complex of two nerves that both arise from the
dorsal division of the truncus superior (C5-6) from a common stalk. The nerves bifurcate
midway through their route and insert near each other in the upper third of the m.
subscapularis.

-

The n. subscapularis inferior forms from a common stalk with the n. axillaris, mostly
from the dorsal division of the truncus medius but distal to the contribution of the truncus
superior (C5-7). The nerve innervates both the most caudal portion of the m.
subscapularis and the teres minor through their costal surfaces.

-

The n. axillaris arises from a common stalk with the n. subscapularis inferior, mostly
from the dorsal division of the truncus medius (C7), but also with some contributions
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from the dorsal division of the truncus superior (C5-6). This nerve travels into the
quadrangular space where it splits into an anterior and posterior segment. The anterior
segment innervates the anterior third of the m. deltoideus, and the posterior branch
innervates the posterior 2/3rds of the m. deltoideus and the m. teres minor.
-

The n. radialis is a stout nerve that forms as a continuation of the pseudo-fasciculus
posterior, the majority of which is comprise of fibers from the dorsal division of the
truncus inferior (C8-T2), with a smaller contribution from the dorsal division of the
truncus medius (C7), and a relatively minor contribution from the dorsal division of the
truncus superior (C5-6), though it is unlikely that C5 contributes to the n. radialis given
its relatively small initial branch.
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1cm

Figure 3.38. Leontopithecus rosalia (UC-LR-1) left plexus brachialis. Dorsal view.
Intraspecific polymorphisms of study specimens
UC-LR-2
The right plexus brachialis of UC-LR-2 is dissimilar to that of the designated study
specimen in several ways. Its root contributions are identical (C5-T1), but the truncus medius
contributes directly to the truncus inferior rather than only to the truncus superior. This
contributes to a notably post-fixed appearance. The terminal nerves all form in the regular
fashion as outlined in the discussion of the study specimen. The left plexus brachialis does not
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form identically to the right but maintains the same broad structure. The left root contributions
are the same (C5-T1) though the formation of the roots is atypical in its branching and
recombination. As on the right, the truncus medius also contributes to the truncus inferior to
form the fasciculus medialis, contributing to the post-fixed nature.

1cm

Figure 3.39. Leontopithecus rosalia (UC-LR-2) right plexus brachialis. Ventral view.
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1cm

Figure 3.40. Leontopithecus rosalia (UC-LR-2) left plexus brachialis. Dorsal view.
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1cm

Figure 3.41. Leontopithecus rosalia (UC-LR-2) right plexus brachialis. Dorsal view.
Summary
The plexus brachialis in Leontopithecus rosalia does not present with one morphology in
regard to the two specimens dissected here. The root values C5-T1 and C5-T2 are represented in
equal frequency, the relative prevalence of each morphotype within the taxon is unknown due to
the small sample size. In both specimens, the roots combined to form three trunks (truncus
superior, C5-6, though C5 primarily contributes to the n. suprascapularis; truncus medius, C7;
and truncus inferior, C8-T1), which in turn form two true cords (fasciculus lateralis et medialis)
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and one pseudo cord (pseudo-fasciculus posterior). This morphology is consistent with the
typical pattern seen in primates. Of note is the atypical morphology of the truncus superior (C56) compared to that of other platyrrhines, which maintains its dorsal and ventral segments, and
the reduced number of nerves in the n. subscapularis superior complex at two.

Notes
Bolk (1902) describes the plexus brachialis of Leontopithecus (using the invalid junior
synonym Midas rosalia). Barring the n. phrenicus, he finds no connection between the plexus
cervicalis and plexus brachialis. He finds the plexus to be composed of the nerve C5-T1, with a
small anastomosis from T2. The m. rhomboideus is described as receiving innervation from C4
alone, the m. levator scapulae from C3-4, and the m. serratus anterior from C5-6.
______________________________________________________________________________
3.4.16. Macaca sp.*
Number of specimens
n=5, np=9
Specimen list
SB-Msp-1, SB-Msp-2, UIUC-Msp-1, UIUC-Msp-2, UC-Msp-1
Designated descriptive specimen
SB-Msp-1
Descriptive anatomy for designated specimen
*Note: Several different species of Macaca are likely represented in this segment. The
majority of specimens available for this study were lacking precise species assignations in any
catalog or attached tag, were lacking crania, and/or were lacking sufficient pelage to determine
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species. As such the specimens here have been grouped into the genus-level Macaca sp. rather
than potentially incorrect species categories.

The right plexus brachialis of SB-Msp-1 forms in the interscalene space between the m.
scalenus ventralis and the m. scalenus medius. No elements appear to pierce the muscles in their
route. The root composition of the plexus brachialis is C5-T1, with a small contribution from T2.
C5 and C6 combine to form the truncus superior, C7 forms the truncus medius alone, and C8-T2
form the truncus inferior. The ventral division of the truncus superior is joined by a ventral
division of the truncus medius to form the fasciculus lateralis (C5-7). The fasciculus medialis is
formed by a continuation of the ventral division of C8-T2. No proper fasciculus posterior is
formed. Instead, the dorsal division of the truncus superior combines with the dorsal division of
the truncus medius, which jointly add to the dorsal division of the truncus inferior (a short,
almost unseparated segment in this specimen) to form the n. radialis. The n. subscapularis and n.
axillaris are given off before the final junction, creating the pseudo-fascicularis posterior. All
contributing nerves are approximately the same diameter at their roots, excepting C5 and T2,
which are smaller than the nerves they join by half. The a. axillaris travels superficial to the
medial head of the n. medianus, but deep to the lateral head, thereby traversing the intermedian
space. The left plexus brachialis forms similarly, though it receives a much smaller contribution
from T2 and a relatively larger contribution from C5.
Ventral nerves
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. cutaneus antebrachii
lateralis, n. medianus, n. ulnaris.
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-

The n. suprascapularis forms as a stout nerve from the combined C5-6 truncus superior
and appears to be primarily derived (in terms of overall mass) from C6. The nerve travels
into the space between the m. supraspinatus and the os scapulae in the fossa
supraspinata. Here it provides a short branch to the m. supraspinatus and continues
through the scapular notch to the dorsal aspect of the os scapula, where it travels caudally
and provides innervation to the m. infraspinatus.

-

The n. pectoralis medialis forms on the ventral surface of the fasciculus medialis, and
sends fibers to the m. pectoralis medialis, which it does not pierce. A secondary set of
fibers pass around the lateral edge of the m. pectoralis minor, thereby supplying the m.
pectoralis major. A strong ansa pectoralis is formed with the n. pectoralis lateralis.

-

The n. pectoralis lateralis forms from two joining heads from the ventral divisions of the
upper and truncus medius (C5-6) and the truncus medius (C7). These rootlets join into a
branch that sends three nerves to the ventral surfaces of the m. pectoralis major and one
to the m. pectoralis minor. A strong ansa pectoralis is formed with the n. pectoralis
medialis.

-

The n. musculocutaneous forms as a continuation of the fasciculus lateralis (C5-7). It is
singular in its distribution until it passes into the arm. It does not pierce the m.
coracobrachialis when passing into the flexor compartment of the arm, wherein it divides
into several muscular branches and a segment continues laterally as the n. cutaneous
lateralis antebrachii.

-

The n. medianus forms from two heads, a lateral head that begins at the split of the n.
musculocutaneous from the fasciculus lateralis (C5-7), and a medial head that begins at
the split of the n. ulnaris from the fasciculus medialis (C8-T2). The nerve inserts into the
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brachial fascia of the arm, and travels into the lateral compartment of the forearm without
piercing the m. pronator teres. In the forearm it supplies all flexors except the m. flexor
carpi ulnaris. In the hand, the n. medianus supplies the lateral two mm. lumbricales, and
provides sensory innervation for the lateral two and a half digits.
-

The n. ulnaris forms from the distal continuation of the fasciculus medialis, after the split
of the medial head of the n. medianus. It passes into the arm between the bellies of the m.
dorsiepitrochlaris and the m. triceps brachii caput longum. In the forearm, the n. ulnaris
was not found to supply the medial half of the m. flexor digitorum profundus but did
supply the m. flexor carpi ulnaris. In the hand, the n. ulnaris supplied the medial two mm.
lumbricales.
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1cm

Figure 3.42. Macaca sp. (SB-Msp-1) right plexus brachialis. Ventral view.
Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
-

The n. thoracicus longus forms from two rootlets provided by C6-7. The two segments
join and travel deep to the scalenus dorsalis and emerge on the superficial surface of the
m. serratus anterior.
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-

The n. thoracodorsalis branches from the proximal-most point of the n. radialis, and
given its point of origin, likely contains fibers from C8-T2. It travels directly into the
costal surface of the m. latissimus dorsi where it is the sole source of innervation to the
muscle.

-

The n. subscapularis superior is singular in origin, a condition somewhat atypical for
primates. It forms on the connecting branch of the dorsal division of the truncus superior
as it is in route to join the dorsal division of the truncus medius (C5-6). The atypical
formation of this may be due to the also atypical formation of the n. axillaris and n.
subscapularis inferior, which group together along with a third nerve that could
potentially be considered a secondary n. subscapularis inferior. This morphology is not
observed in other macaques dissected for this study, nor was it a common pattern seen in
Chase and DeGaris (1940). In macaques, the n. subscapularis superior is typically made
up of two or three separate nerves that originate on the dorsal division of the upper trunk.

-

The n. subscapularis inferior forms on a common stalk with the n. axillaris, which is a
branch off the combined dorsal elements of the upper and truncus medius (C5-7). It
forms somewhat atypically, as the more usual morphology does not exhibit the n.
axillaris and the n. subscapularis inferior in a common epineural sheath, but rather
branching from a common point on the combined upper and truncus medius.

-

The n. axillaris forms on a common stalk with the n. subscapularis from the combined
dorsal divisions of the upper and truncus medius (C5-7. This nerve travels into the
quadrangular space where it splits into an anterior and posterior segment. The anterior
segment innervates the anterior third of the m. deltoideus, and the posterior branch
innervates the posterior 2/3rds of the m. deltoideus and the m. teres minor.
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-

The n. radialis forms as a confluence of the dorsal elements of the combined upper and
truncus medius which join the dorsal branch of the truncus inferior. It does not form as a
derivation of a true fasciculus posterior, as the subscapular and axillar nerves are given
off prior to the junction of the upper and lower elements. This nerve travels into the
intermuscular septum of the m. triceps brachii, wrapping laterally around the arm and
providing several short branches to the different muscle heads from their deep surfaces.
Prior to diving into the septum, it provides a direct branch to the m. dorsoepitrochlearis.

193

1cm

Figure 3.43. Macaca sp. (SB-Msp-1) right plexus brachialis. Dorsal view.
Intraspecific polymorphisms of study specimens
SB-Msp-2
This specimen is similar to SB-Msp-1. There is a relatively earlier dorsal/ventral split in
the trunks of the right plexus brachialis, though the root values are the same (C5-T2). It exhibits
a n. intercostobrachialis that connects T3 to the plexus brachialis. The cords, connections, and
terminal nerves are all formed in the same fashion as seen in SB-Msp-1, excepting the n.
194

subscapularis superior, which is a complex of three separately forming nerve that derive from
the dorsal division of the truncus superior. The plexus on the left is somewhat different, as it
does not exhibit a contribution from T2. This condition is reported as moderately
uncommon/polymorphic for macaques, which generally exhibit at connection of T2 in some 60%
of idividuals (see Chapter 2).

1cm

Figure 3.44. Macaca sp. (SB-Msp-2) right plexus brachialis. Ventral view.
UIUC-Msp-1
The right plexus brachialis of UIUC-Msp-1 forms from seven stout nerves (C5-T2) in a
similar patter to that observed in the designated study specimen SB-Msp-1, though several minor
differences are apparent, mainly in the arrangements of the dorsal elements distal to the trunks.
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The ventarl division of all elements forms as in SB-Msp-1, though the dorsal elements form as a
condensed bundle connected by a significant sheet of epineureum. This extra segment of
connective tissue primarily affects the branching points of the n. subscapularis superior and n.
subscapularis inferior, the n. axillaris, and the n. radialis, which all appear to form at the same
point. The left plexus brachialis was only partially preserved, with the segments distal to the
trunks destroyed by previous dissection excepting the lateral portion. Its overall pattern was
similar to the pattern on the right, with the addition of several small, distinct branches that
connected the truncus medius and the truncus superior to form the beginnings of the fasciculus
lateralis. These small connections existed instead of the usual singular trunk observed in most
primates, and typically in macaques.

196

1cm

Figure 3.45. Macaca sp. (UIUC-Msp-1) right plexus brachialis. Ventral view.
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1cm

Figure 3.46. Macaca sp. (UIUC-Msp-1) right plexus brachialis. Dorsal view.
UC-Msp-1
This specimen likely represents a rhesus macaque (M. mulatta) based on pelage and size,
though the species designation is not certain. Of the observed group of specimens, the left plexus
brachialis of UC-Msp-1 forms most similarly to the most commonly reported type in the 300
specimen report of Chase and DeGaris (1940). The roots (C5-T2) form similarly to the study
specimen SB-Msp-1, and the cords of the ventral elemnts form in the same fashion. The dorsal
segment nerves are a notable point of difference, with three n. subscapularis superior segments
present rather than one (possibly two). The n. axillaris and the n. subscapularis inferior share a
common origin point, but do not share a common trunk. The distal elements of this specimen
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were unobservable because of previous dissection. Likewise, the right plexus was unavailable
because of previous dissection.

1cm

Figure 3.47. Macaca sp. (UC-Msp-1) right plexus brachialis. Ventral view.
UIUC-Msp-2
The left plexus brachialis of UIUC-Msp-2 broadly conforms to the typical nerve format
observed in macaques, with a root configuration of C5-T2 and roughly equally sized segments.
The truncus superior receives a direct contribution from C7, while the truncus inferior is
comprised of C8-T2. These are widely spaced apart, particularly from the ventral aspect of the
plexus. A strong ansa pectoralis is formed. The n. subscapularis superior is comprised of only
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two nerves rather than the generally observed three. The n. subscapularis inferior shares an
origin with the n. axillaris as it emerges from the combined dorsal divisions of the truncus
superior and truncus medius. The right plexus brachialis conforms to the morphology of the left,
but also receives a marked contribution from C4 to the truncus superior in addition to a
relatively smaller T2.

1cm

Figure 3.48. Macaca sp. (UIUC-Msp-2) left plexus brachialis. Ventral view.
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1cm

Figure 3.49. Macaca sp. (UIUC-Msp-2) left plexus brachialis. Dorsal view.
Summary
The plexus brachialis of Macaca sp. in this sample largely conforms to the patterns
described in the literature (e.g., Chase and DeGaris, 1940), with a most common root
composition of C5-T2 (7/9 plexuses, ~77%) is similar to the type seen in other primates, and, as
has been noted by other researchers, is fairly generalized in its morphology. The most notable
characteristic is the high level of consistency in contribution from T2 to the truncus inferior (8/9
plexuses dissected here, ~88%), also reported to be constant at >60% in the literature (see
Chapter 2). The higher percentage of contributions in the primary dissections here may be a
result of small sample bias, though it generally reflects the pattern reported elsewhere. The
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trunks form as in other primates (truncus superior, truncus medius, truncus inferior), as do two
of the cords (fasciculus lateralis, fasciculus medialis), though there is no true fasciculus
posterior. The pseudo-fasciculus posterior forms as a combination of the dorsal divisions of the
combined truncus superior and truncus medius that give off the n. axillaris prior to joining the
dorsal division of the truncus inferior to form the n. radialis. This stepwise combination of the
dorsal nerves is reflective of the typical morphology in the cercopithecoid primates observed
here.

Notes
Brooks (1883) describes the anatomy of six plexus brachialis from three species of
macaque that contained nerve roots from C4-T1, although as his description is written it is
unclear whether C4 simply joins with the n. p phrenicus or contributes to other terminal nerves
in the plexus. He describes the truncus superior as being comprised of C4-C6, the truncus
medius as being comprised of C7 alone, and the truncus inferior as being comprised of C. The n.
phrenicus is noted to contain fibers from C4-5 consistently, and from C6 in most cases (though
descriptive statistics are not given). Brooks notes a consistent nerve to the m. subclavius that
arises from C6 Additionally, this nerve is described by Brooks as giving a branch to the n.
phrenicus. Brooks also notes that C7 splits immediately upon exiting the foramen intervertebrale
rather than travelling as combined dorsal and ventral branches before splitting.
Bolk (1902) describes the plexus brachialis of Macaca nigra (using the junior synonym
of Macacus niger) as arising from C5-T2 He notes that the rhomboids receive innervation from
C4-6, the levator scapulae from C3-5, and the serratus anterior from C5-7.
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Ono (1936) did not describe C4 as contributing to the plexus brachialis in any of his
Macaca specimens of the species M. cyclopis, M. cynomolgus, and M. irus. Sugiyama (1965)
suggests that the general macaque root pattern as receiving contributions from C5-T1, with T2
being generally present and C4 being rarely present at a rate of less than 30%.
Sugiyama (1965) describes 34 pairs of spinal nerves: eight cervical, 12 thoracic, seven
lumbar, three sacral, four caudal. The most common root configuration found by this researcher
was C5-T2, wherein T2 was present in 91.2% of the specimens, and C4 was an occasional
contribution to the plexus brachialis at the rate of 8.3%. This corroborates the findings of Chase
and DeGaris (1940, who found a contribution rate of 24% for C4, and 48% for T2 in Macaca
mulatta.
Miller (1939) depicts the a. axillaris as splitting the medial and lateral heads of the n.
medianus, travelling superficial to the root provided by the fasciculus medialis. A secondary
connection between the n. medianus and the n. musculocutaneous is depicted by not described.
Chase and DeGaris (1940) conducted an extensive dissection-based study of 150 rhesus
macaques, for a total of 300 plexuses. The normal anatomy of the plexus is described as
receiving contributions from nerve roots C5-T1, with numerous cases of C4 (24% frequency)
and T2 (48 % frequency) also contributing Only 19 specimens (~13% freq.) received
contributions from both C4 and T2, generally suggesting an inherently more “post-fixed” nature
than in Homo sapiens. The plexus emerges from between the anterior and posterior short
scanlines. Chase and DeGaris note that the truncus superior is made of (C4) C5-6, the truncus
medius is solely made of C7, and the truncus inferior made of C8-T1 with a possible
contribution form T2. The n. thoracicus longus is described as most commonly made up of C5-8
(51% freq.), with the remaining percentage of specimens being comprised of variations of these
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roots in several polymorphisms. The researchers also note a variance rate (deviation from their
most commonly found “Type A” plexus) of 54 out of 300 plexuses (~18% freq). Perhaps most
importantly, Chase and DeGaris (1940) write that, as with any complex biological structure, their
characterizations and figures cannot schematize the item under study in a completely accurate
way, and that they therefore simplify their descriptions.
Howell and Straus (1933) do not state the number of specimens they dissected for their
monograph, but do not note any contribution of C4 to the plexus other than to the n. phrenicus.
Harris (1939) describes the plexus brachialis of the macaque as being very similar to that
described as most commonly found by Chase and DeGaris (1940), although he notes no C4
contribution in his diagrams or descriptions.
Tokiyoshi et al., (2004) dissected the scalene muscles and plexus brachialis of three
macaques (two specimens of Macaca fuscata and one of Macaca mulatta), and report that the
root contributions in 5/6 plexuses were C5-T1, and C5-T2 in 1/6. They report no substantial
differences between the plexus brachialis of macaques and of humans, noting that the nerves
form in the interscalene space. They describe the n. phrenicus as being consistently (6/6 cases)
derived from C4-5.
Santos-Sousa et al., (2016) bilaterally dissected the plexus brachialis of ten Macaca
mulatta Their results suggest significant rates of polymorphism in the plexus, with 55% having
roots from C5-T1, 25% from C4-T2, 10% from C5-T2, and 10% from C6-T2. They report five
plexuses with small contributions from C4. Furthermore, their study involved tracing nerve
fibers from specific spinal roots to their target structures, and the researchers provide root
composition information for the major nerves of the plexus brachialis.
______________________________________________________________________________
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3.4.17. Mandrillus sphinx
Number of specimens
n=2, np=3
Specimen list
UC-MS-1, UC-MS-2
Designated descriptive specimen
UC-MS-1, UC-MS-2
Descriptive anatomy for designated specimen
The left plexus brachialis for UC-T-MS-1, an adult male mandrill with full secondary
facial growth, converges in the interscalene triangle, and does not have any elements that pierce
the m. scalenus anterior. The spinal roots C5-T2 contribute to the plexus. C5 is moderately
sized, whereas C6-8 and T1 are large in diameter. T2 is the smallest contribution to the plexus in
diameter. Three trunks form: a truncus superior from C5 and C6, a truncus medius from C7
alone, and a truncus inferior from C8-T2. Each trunk gives off a dorsal and ventral division,
which combine to form a medial, posterior, and fasciculus lateralis. The fasciculus lateralis
forms from a combination of the ventral divisions of the upper and truncus medius. The
fasciculus medialis forms from the ventral division of C8-T2, though primarily form C8-T1 in
terms of overall mass contributed. It is unclear whether T2 carries any motor neuron axons, or if
its contribution to the plexus is purely sensory. The fasciculus posterior forms from the dorsal
divisions of all three trunks. M. pectoralis minor is pierced by n. pectoralis medialis. The n.
phrenicus is comprised of fibers from C6-7 and shares a common root with the n. subclavius.
The right plexus brachialis is similar in formation, though the root of C7 immediately joins the
inferior aspect of C6 and does not form a true truncus medius.
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Ventral nerves
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. cutaneus antebrachii
lateralis, n. medianus, n. ulnaris.
-

The n. suprascapularis arises as a strongly formed branch from the pre-dorsal/ventral
split of the truncus superior (C5-6). It traverses the fossa supraspinata, sending branches
to the deep surface of the m. suprascapularis muscle and travelling to the dorsal border of
the scapula, innervating the m. infraspinatus from its deep surface.

-

The n. pectoralis medialis arises from the fasciculus medialis and likely contains fibers
from C8-T2. The nerve pierces m. pectoralis minor before continuing on to innervate the
m. pectoralis major. An ansa pectoralis forms with the n. pectoralis lateralis. After the
junction with the n. pectoralis lateralis, a discrete branch forms that gives innervation to
the m. pectoralis abdominis. There is significant stratification of this nerve series, with
multiple terminal branches.

-

The n. pectoralis lateralis arises from the proximal most aspect of the fasciculus
lateralis, just distal to the junction of C5-6 with C7. It provides direct innervation to the
m. pectoralis major, and secondary innervation through the ansa pectoralis connection
with the n. pectoralis medialis to the m. pectoralis minor and m. pectoralis abdominus.
There are multiple terminal segments of this nerve that segmentally innervate the m.
pectoralis major.

-

The n. musculocutaneous is the distal continuation of the fasciculus lateralis, the primary
bulk of which comes from the ventral division of C7, with contributions from C5-6.
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-

The n. medianus results from contributions from the medial and fasciculus lateralis. The
fasciculus lateralis (C5-7) gives off the lateral head of the n. medianus at the split of the
n. musculocutaneous. The fasciculus medialis gives off the medial head of the n.
medianus at the split of the n. ulnaris (C8-T2).

-

The n. ulnaris is the distal continuation of the fasciculus medialis (C8-T2), which forms
exclusively from the ventral division of the truncus inferior. It shares its origin
proximally with the n. cutaneous brachii et antebrachii, and the medial head of the n.
medianus.

1cm

Figure 3.50. Mandrillus sphinx (UC-MS-1) left plexus brachialis. Ventral view.
Dorsal nerves
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The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
-

The n. thoracicus longus is derived from two rootlets arising from the dorsal aspect of C6
and C7. It travels deep to the m. scalenus dorsalis and innervates the m. serratus anterior
from its superficial surface.

-

The n. thoracodorsalis arises as a thick bundle from the dorsal aspect of the n. radialis,
and likely contains fibers from C8-T2. It directly innervates the m. latissimus dorsi
through its deep surface.

-

The n. subscapularis superior exists as a complex of two stout nerve stalks that both fork
into several smaller divisions before inserting into the ventral surface of the m.
subscapularis. This heavily stratified stalks arise from the dorsal division of the truncus
superior (C5-6) as it joins with the dorsal division of the truncus medius (C7).

-

The n. subscapularis inferior is a single stalk that branches from the dorsal division of the
truncus medius (C7). The nerve forks into several terminal branches, the inferior portion
of which provides innervation to the m. teres major, and a branch of which inserts into
the inferior most portion of the m. subscapularis. This nerve bundle is substantially
smaller than the n. subscapularis superior bundle.

-

The n. axillaris branches from the dorsal division of the upper/truncus medius
combination (C5-7). It travels laterally into the quadrangular space, where it innervates
the ventral 1/3rd of m. deltoideus through a ventral, and the posterior 2/3rd of the m.
deltoideus via a dorsal branch. The dorsal branch also provides innervation for the m.
teres minor.
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-

The n. radialis is a thick nerve that forms mainly from the dorsal branch of C8-T2 but
receives a contribution from the dorsal division of the middle/truncus superior
combination (C5-7). It passes into the arm in the lower triangular space, where it gives of
small branches to the m. triceps brachii and the n. dorsoepitrochlearis.

1cm

Figure 3.51. Mandrillus sphinx (UC-MS-1) left plexus brachialis. Dorsal view.
Intraspecific polymorphisms of study specimens
UC-MS-2
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The plexus brachialis of UC-MS-2 largely conforms to the type described in the selected
study specimen above (UC-MS-1), although it presents with several idiosyncrasies. On the right
side, no branch from T2 provided a visible contribution to the truncus inferior, though it was
strongly present on the left side. Instead, a large n. intercostobrachialis connected T2 (and
possibly T3, along with the sympathetic trunk) to the plexus brachialis on the right. Additionally,
the truncus medius (C7) contributed to the truncus inferior on both sides rather than to the
truncus superior, as observed in UC-MS-1. This contributed to the overall post-fixed appearance
of the plexus, and likely added C7 contributions to the n. ulnaris and associated cutaneous nerves
of the fasciculus medius.

Summary
The plexus brachialis in Mandrillus sphinx is most typically derived from C5-T2 (2/2
specimens, 2/3 sides, with the right side of the plexus from UC-MS-2 derived from C5-T1).
These roots combined to form three trunks, which in turn form two true cords (fasciculus medius
et lateralis) and one pseudo-cord (fasciculus posterior), consistent with the typical pattern seen
in Old-World monkeys. Overall, the plexus was heavily post-fixed, with larger contributions
from the distal aspect of the plexus present, corroborating the findings of Bolk (1902) and
Kawashima et al., (2008). The robust and numerous n. subscapularis superior and n. pectoralis
lateralis et medialis were a notable characteristic of M. sphinx, perhaps related to the increased
demands for internal rotation and adduction of the arm, as well as stabilization, required in a
large bodied, heavily quadrupedal primate. No female specimens were available for this study,
and as such sexual dimorphism cannot be assessed, though Booth et al., (1997) found no obvious
dimorphism in the plexus brachialis of Papio.
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Notes
Bolk (1902) reports on the plexus brachialis of Mandrillus sphinx (as the invalid junior
synonym Cynocephalus mormon) in his volume Der plexus cervico-brachialis der primates. He
describes roots C5-T2 as contributing to the plexus and depicts a heavy disparity between the
size of the cranial roots, particularly C5, and the caudal roots. Contrary to Sonntag (1922), the
only connection described between the plexus cervicalis and plexus brachialis are through a
connection of C4-5 to the m. levator scapulae. He notably describes that the n. radialis and only
receiving fibers from C7-T2.
Sonntag (1922) reports on the plexus brachialis of the closely related drill (Mandrillus
leucophaeus). He describes a markedly pre-fixed plexus, with a strong connection from C4 to the
n. suprascapularis, but not the rest of the plexus, and a miniscule T1. The n. medianus and n.
ulnaris are shown to arise from a common trunk (C7-T1) without the usual contributions from
the upper portion of the plexus, and the nerves of the fasciculus posterior are shown to derive
entirely from the dorsal divisions of C5-7 with no contribution from the lower roots. The
morphology that Sonntag describes is unusual for cercopithecoids and may be an aberrant case of
pre-fixture that is representative of a rare condition for Old-World monkeys, though as no other
literature exists on the plexus brachialis of M. leucophaeus, it is not currently possible to say if
the described morphology represents the clade.
Kawashima et al., (2008) illustrates the plexus cervicalis and plexus brachialis of
Mandrillus sphinx bilaterally but does not directly describe either nerve complex. The plexus
brachialis is shown to be comprised of nerve roots C5-T2. The truncus superior is formed by
C5-6. The truncus medius is not shown to form typically, as it receives a ventral branch from C5-
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6 immediately distal to its emergence from the interscalene triangle that then becomes the
fasciculus lateralis, terminating in the n. musculocutaneous and the lateral head of the n.
medianus. This trunk morphology is reminiscent of that seen in Gorilla. The truncus inferior is
composed of C8-T2, with T2 being smaller than the other branches, but not insignificant. The
cords form normally, with the lateral being comprised of C5-7, the medial from C8-T2, and the
posterior from all nerve roots. The a. axillaris travels superficial to the fasciculus medialis and
deep to the fasciculus lateralis to continue into the arm. Interestingly, the n. thoracodorsalis is
shown to branch off the n. axillaris on the right, and the n. radialis on the left.
______________________________________________________________________________
3.4.18. Miopithecus talapoin
Number of specimens
n=10, np=10
Specimen list
HU-MT-1(0), HU-MT-2(2), HU-MT-3(14), HU-MT-4(15), HU- MT-5(21), HU- MT-6(22), HUMT-7(23), HU- MT-8(24), HU- MT-9(27), HU-MT-10(35)
Designated descriptive specimen
HU-MT-5(21)
Descriptive anatomy for designated specimen
The left plexus brachialis of HU-MT-5(21) converges in the interscalene triangle,
between the m. scalenus anterior and m. scalenus medius. The plexus brachialis comprised of
nerve roots C5, C6, C7, C8, and T1, with a small contribution from T2, and is broadly similar in
morphology to the plexus brachialis in other Old-World Monkeys, despite receiving no
contribution from C4. These roots form three trunks: C5-C6 form the truncus superior, C7 forms
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the truncus medius, and C8-T2 form the truncus inferior. The truncus superior forms as a thin
root from C5 combines with a much more robust C6 in the interscalene space. The n.
supraspinatus immediately arises from this junction upon the trunks exit from the scalenus
muscles. This short segment pre-n. supraspinatus can be considered the truncus superior. It
gives no dorsal or ventral branch to the fasciculi before adding its contribution to the truncus
medius, C7. The fasciculus lateralis is formed from the ventral division of the combined C5-7
complex and is the first ventral split of the plexus. This cord gives rise to the n.
musculocutaneous and the medial head of the n. medianus. The truncus medius arises solely
from C7, persists outside the interscalene triangle, where it receives the dorsal contribution from
C5-6 resulting in the cord and terminal nerves described above. The dorsal division of this
complex primarily contributes to the lateral head of the fasciculus posterior, and from its length
before becoming the n. radialis gives off the n. subscapularis complex and the n. axillaris. The
truncus inferior forms outside the interscalene triangle upon the combination of C8-T2.
Somewhat distal to this combination point, the dorsal division of C8 (primarily) forms the medial
head of the fasciculus posterior, which continues on to become the n. radialis with no further
nerves resulting along its medial/inferior length, though the n. thoracodorsalis does partially
arise from the dorsal aspect of this head. The ventral split of the truncus inferior forms the
fasciculus medialis, which gives off the n. ulnaris, and contributes the medial head to the n.
medianus in addition to smaller, cutaneous nerve branches. The n. phrenicus arises from the
anterior portion of the root of C4 and with a contribution from C5 before descending superficial
to the m. scalenus anterior to pass into the thoracic cavity. The n. subclavius begins on the
ventral surface of C6 and extends as a bifurcated branch into the deep surface of the m.
subclavius.
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Ventral nerves
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. cutaneus antebrachii
lateralis, n. medianus, n. ulnaris.
-

The n. supraspinatus branches from the truncus superior, mainly off the cranial aspect of
C6, distal to the junction of C5. It travels laterally as a single, uniform bundle into the
septum between the deep belly of the m. supraspinatus and the fossa suprascapularis. It
here provides motor innervation to this muscle before continuing on through the incisura
scapulae, inferior to the ligamentum transversum scapulae superius et inferius. It here
provides innervation to the m. infraspinatus.

-

The n. pectoralis medialis arises solely from the ventral aspect of C7 prior to any ventral
or dorsal branching. It splits into two branches midway through its length, with one
providing innervation to the m. pectoralis major and the other to m. pectoralis minor. No
ansa pectoralis is formed with the m. pectoralis lateralis.

-

The n. pectoralis lateralis arises primarily from the surface of T1 but receives a rootlet
from the ventral surface of C7 before entering the deep surface of the m. pectoralis
major. No ansa pectoralis is formed with the m. pectoralis medialis.

-

The n. musculocutaneous branches off the fasciculus lateralis at the point where the
lateral head of the n. medianus is formed. It can potentially receive fibers from the ventral
divisions of C5-7.

-

The n. medianus is formed from a medial and lateral head. The medial head is a
continuation of the fasciculus medialis, which results from the truncus inferior with fiber
contributions from C8-T2, and the lateral head is a continuation of the fasciculus lateralis
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and contains fibers from C5-7. The n. medianus enters the forearm around the m.
pronator teres and continues on to provide innervation to the majority of the forearm
flexors.
-

The n. ulnaris branches off the proximal portion of the fasciculus medialis as the
continuation of this cord at the branching point of the medial head of the n. medianus,
and likely contains fibers from C8-T2. It is relatively small in this specimen.

1cm

Figure 3.52. Miopithecus talapoin. (HU-MT-5) left plexus brachialis. Ventral view.
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Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
-

The n. thoracicus longus is derived from three small, thin rootlets that arise from the
dorsal surface of C5, C6, and C7. Each rootlet descends in the interscalene space and
combines with the more caudal components individually (i.e., C5 rootlet combines with
C6 into a common nerve, C7 rootlet adds contribution to the common C5-6 rootlet),
which then descends on the medial surface of the medial scalene muscle to innervate the
serratus anterior through its ventral surface. A small segment is sent out from the C5-6
rootlet combination to innervate the cranial portion of the m. serratus anterior, while the
more caudal segments are innervated by the entire rootlet complex of C5-7.

-

The n. thoracodorsalis is a small derivative of the pseudo-fasciculus posterior as it
becomes the n. radialis. It arises as a combination of two segments, one from the cranial
dorsal divisions (C5-7), and another mainly from the dorsal division of the combined
truncus inferior C8-T2.

-

The n. subscapularis superior (C5-6) is a complex comprised of three small, thin nerves
that arise from the dorsal division of the truncus superior. These nerves segmentally
innervate the m. subscapularis from superior, middle, and inferior aspects of the muscle
via its costal surface. The inferior-most branch of n. subscapularis superior does not
appear to send fibers to the m. teres major.

-

The n. subscapularis inferior arises from the dorsal division of the intermediate cord (C7)
after it receives a connection from the dorsal division of the truncus superior. Two short
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thin nerves are given off here, both of which terminate in the intermuscular septum
between the m. subscapularis and the m. teres major. No fibers from either short nerve
appear to innervate the inferior portion of m. subscapularis.
-

The n. axillaris is a relatively thin branch that arises from the dorsal division of the
cranial border of the combined C5-7 complex/fasciculus posterior before it receives its
caudal contribution to become the n. radialis. It travels laterally as a single nerve,
penetrates the foramen humerotricipitale, where it divides into a posterior and anterior
branch. The posterior branch directly innervates the posterior aspect of the m. deltoideus,
and the entirety of the m. teres minor. The anterior branch innervates the anterior twothirds of the m. deltoideus, in addition to providing some small cutaneous branches.

-

The n. radialis is a distal continuation of the fasciculus posterior, and primarily takes its
mass from the dorsal division of C7 and C8. It gives off a small, singular branch to the m.
dorsiepitrochlaris from its dorsal surface. The root combinations that result in this nerve
are visually distinct from the pattern seen in Homo, as the dorsal divisions progress in a
stepwise fashion. That is, C5 combined with C6 on its superior surface, which extends to
combine with an elongated C7 before any dorsal/ventral branching has occurred.
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1cm

Figure 3.53. Miopithecus talapoin (HU-MT-5) left plexus brachialis. Dorsal view.
Intraspecific polymorphisms of study specimens
HU-MT-1
The left plexus brachialis of HU-MT-1 presents a series of variations on the general theme of
the structures outlined above for HU-MT-5. The primary difference in this specimen is in the
formation of roots into trunks. The same root contribution number is observed (C5-T2), and C5-6
also form the truncus superior. This trunk gives off a dorsal and ventral division. The dorsal
division gives rise to the n. suprascapularis and the three nerves of the n. subscapularis
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complex. C7 and C8 form a pseudo-truncus medius. Both nerves split into dorsal/ventral
divisions before combining. The dorsal combination, primarily at the level of C7, receives a
connection from the dorsal division of C5-6, and branches the n. axillaris in typical fashion.
However, there is a large gap between this structure and the truncus medius, which is formed by
a dual extension of C7 and C8, rather than solely by C7. T1-2 does not combine with C8 until
further distally, and the combination itself is a crossing of fibers between trunks rather than a
true merging where both roots become encased in a single covering of epineurium. Additionally,
the dorsal/ventral splits of the C7 and C8 occur before they combine into the truncus medius.
The right plexus brachialis maintains a similar morphology to that described above, including
the additional dorsa/ventral branching in the middle parts of the plexus.
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1cm

Figure 3.54. Miopithecus talapoin (HU-MT-1) left plexus brachialis. Ventral view.
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1cm

Figure 3.55. Miopithecus talapoin (HU-MT-1) left plexus brachialis. Dorsal view.
HU-MT-2
Overall, this specimen is very similar to HU-MT-5. It exhibits no significant differences
in morphology or root contribution (C5-T1) in any aspect of the left plexus brachialis, and only a
few small polymorphisms relating to the ventral divisions, and that it does not contain any fibers
from T2. There are no significant differences in trunk formation: C5-6 form the truncus superior,
C7 forms the truncus medius, C8-T1 form the truncus inferior, and no significant differences in
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ventral/dorsal divisions from HU-MT-5. No significant differences in the formation of the cords:
ventral divisions of C5-7 and C7 form the fasciculus lateralis, dorsal divisions of C56, C7, and
C8-T1 form the fasciculus posterior, and ventral divisions from C8-T1 form the fasciculus
medialis. No significant differences in terminal nerve branching or innervation points.
Minor differences include: the n. ulnaris is significantly larger in this specimen when compared
to that seen in HU-MT-5. The formation of the pectoral nerves presents a set of small
differences: the n. pectoralis medialis arises from both C7 and C8, and an ansa pectoralis forms
from the medial head of the n. medianus, rather than the n. pectoralis medialis proper.
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1cm

Figure 3.56. Miopithecus talapoin (HU-MT-2) right plexus brachialis. Ventral view.
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1cm

Figure 3.57. Miopithecus talapoin (HU-MT-2) left plexus brachialis. Dorsal view.
HU-MT-3
The right plexus brachialis of this specimen does not significantly vary from the
designated study specimen HU-MT-5. There are no significant differences in root formation (C5T2), and no significant differences in trunk formation: C5-6 form the truncus superior, C7 forms
the truncus medius, C8-T2 form the truncus inferior. Some minor differences the exemplar
specimen include that the n. suprascapularis is derived solely from C5, rather than C5-6. The
inferior branches do not form a truly combined truncus inferior, but instead cross nerve fibers in
small units similar to the formation observed in HU-MT-1. The dorsal division of C7s divides
into two branches, one that provides the medial head for the n. radialis, and the other that
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provides the lateral head of the fasciculus lateralis. C8 sends a branch over the surface of the
previously described contribution from C7, which combines into the medial head of the
fasciculus posterior/n. radialis. The n. subscapularis superior nerve complex is comprised of
three nerves, but they do not exist in an evenly spaced bundle as seen in HU-MT-5. Rather, the
most proximal segment is derived from the branch connecting C5-6 and C7 and the distal
segments are derived from a shared point with the n. subscapularis inferior and the n. axillaris.

1cm

Figure 3.57. Miopithecus talapoin (HU-MT-3) left plexus brachialis. Dorsal view.
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1cm

Figure 3.59. Miopithecus talapoin (HU-MT-3) right plexus brachialis. Dorsal view.
HU-MT-4
The left plexus brachialis of HU-MT-4 does not significantly differ from the condition
presented in HU-MT-5. The dorsal and ventral division are less defined, but the normal
patterning persists. There are no significant differences in root formation (C5-T2), and no
significant differences in trunk formation: C5-6 form the truncus superior, C7 forms the truncus
medius, C8-T2 form the truncus inferior. However, there are a significantly increased number of
nerves to the m. pectoralis major et minor. These nerves arise from the ventral division of the
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truncus medius, from the ventral aspect of the truncus inferior, from the ansa pectoralis that
results from the combination of the previous two nerves, and additionally from the lateral head of
the m. medianus. These likely all contain the same complex of fibers, and therefore offer no
functional difference in innervation from more commonly observed conditions. The n.
subclavius arises solely from C6.

1cm

Figure 3.60. Miopithecus talapoin (HU-MT-4) Left plexus brachialis. Ventral view.
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1cm

Figure 3.61. Miopithecus talapoin (HU-MT-4) Left plexus brachialis. Dorsal view.
HU-MT-6
The left plexus brachialis of HU-MT-6 does not significantly differ in its formation from
HU-MT-5. There are no significant differences in root formation (C5-T2), and no significant
differences in trunk formation: C5-6 form the truncus superior, C7 forms the truncus medius,
C8-T2 form the truncus inferior.
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1cm

Figure 3.62. Miopithecus talapoin (HU-MT-6) Left plexus brachialis. Dorsal view.
HU-MT-7
The left plexus brachialis of HU-MT-7 strongly resembles the pattern observed in HUMT-1 and HU-MT-3 in aspects of its more caudal roots. There are significantly more pectoral
nerves are observed in this specimen, similar to the morphology observed in HU-MT-5, although
no nerves are derived from the lateral head of the n. medianus. Each dorsal division provides
several smaller roots to the n. radialis rather than a single, larger root contribution. The nerve to
the m. dorsiepitrochlaris arises from the truncus inferior rather than the n. radialis.
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1cm

Figure 3.63. Miopithecus talapoin (HU-MT-7) Left plexus brachialis. Ventral view.
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1cm

Figure 3.64. Miopithecus talapoin (HU-MT-7) Left plexus brachialis. Dorsal view.
HU-MT-8
The left plexus brachialis of HU-MT-8 does not significantly differ from the morphology
seen in HU-MT-5. There are no significant differences in root formation (C5-T1) and no
significant differences in trunk formation: C5-6 form the truncus superior, C7 forms the truncus
medius, C8-T1 form the truncus inferior. There are no significant differences in cord formation,
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and no significant differences in the terminal nerve formation, distribution route, or innervation
point. There are an increased number of branches to the pectoral muscles arising from the ansa
pectoralis. The n. subscapularis superior complex does not exist as three separate, evenly spaced
nerves, but rather as a single combined bundle that arises from the dorsal division of C5-6 distal
to the branching point of the n. suprascapularis. The small nerve branch to the m.
dorsoepitrochlearis arises from the junction of the pseudo-fasciculus posterior rather than the n.
radialis.

1cm

Figure 3.65. Miopithecus talapoin (HU-MT-8) Left plexus brachialis. Ventral view.
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1cm

Figure 3.66. Miopithecus talapoin (HU-MT-8) Left plexus brachialis. Dorsal view.
HU-MT-9
The left plexus brachialis of HU-MT-9 strongly resembles the pattern observed in HUMT-1, HU-MT-3, and HU-MT-7 in aspects of its more caudal roots. There are no significant
differences in root formation (C5-T1), no significant differences in cord formation, and no
significant differences in the terminal nerve formation, distribution route, or innervation point.
Minor differences include the inferior branches do not form a truly combined truncus inferior,
but instead cross nerve fibers in small units. C8 divides into two dorsal branches, one that
provides the medial head for the n. radialis, and the other that provides the lateral head of the
fasciculus lateralis. T1 sends a branch over the surface of the previously described contribution
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from C8, which combines into the medial head of the fasciculus posterior/n. radialis. The
remainder of T1 combines with the deeper division from C8 to form the fasciculus inferior,
eventually forming the n. ulnaris and the medial head of the n. medianus.

1cm

Figure 3.67. Miopithecus talapoin (HU-MT-9) Left plexus brachialis. Ventral view.
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1cm

Figure 3.68. Miopithecus talapoin (HU-MT-9) Left plexus brachialis. Dorsal view.
HU-MT-10
The left plexus brachialis of HU-MT-10 shows significant variations from the archetype
specimen HU-MT-5 in root contributions and trunk formations. Terminal nerves are largely
unchanged from the archetype. However, this specimen notably has spinal root contributions to
the plexus brachialis from C4 in addition to the normal contributions from C5-T2. There are no
significant differences in trunk, cord, or terminal nerve formation.
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1cm

Figure 3.69. Miopithecus talapoin (HU-MT-10) Left plexus brachialis. Ventral view.
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1cm

Figure 3.70. Miopithecus talapoin (HU-MT-10) Left plexus brachialis. Dorsal view.
Summary
The plexus brachialis in Miopithecus talapoin is most typically derived from (C5-T1)
(6/10 specimens), though 4/10 exhibited a small contribution from T2, suggesting it is a
polymorphic character in this taxon. These roots combined to form three trunks, which in turn
form two true cords and one false cord (pseudo-fasciculus posterior), consistent with the typical
pattern seen in cercopithecoid primates. The space between C7 and C8 tends to be significantly
larger than that seen in other catarrhine taxa, and C8 and T1/2 have a strong tendency to not
immediately form a truncus inferior, but rather to persist distally as individual nerves and only
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combine after each nerve splits into a ventral and dorsal segment. The inferior roots C8 and T1/2
commonly divide into two dorsal branches, one that provides the medial head for the n. radialis,
and the other that provides the lateral head of the fasciculus lateralis. T1/2 sends a branch over
the surface of the previously described contribution from C8, which combines into the medial
head of the pseudo-fasciculus posterior/n. radialis. The remainder of T1/2 combines with the
deeper division from C8 to form the fasciculus inferior, eventually forming the n. ulnaris and the
medial head of the n. medianus. Three specimens exhibited a pattern of the truncus inferior
where C8 provides a deep division to the fasciculus medialis, which a branch from T1/2 crosses
superficial to as it provides a fiber to the dorsal division of C8 that contributes to the fasciculus
posterior/n. radialis.

Notes
There are no published reports on the plexus brachialis of Miopithecus talapoin.
______________________________________________________________________________
3.4.20. Nycticebus coucang
Number of specimens
n=2, np=3
Specimen list
UC-NC-1, UC-NC-2
Designated descriptive specimen
UC-NC-1
Descriptive anatomy for designated specimen
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The left plexus brachialis of UC-NC-1 is comprised of fibers from C5-8 and T1-2 that
arise in the interscalene space between the m. scalenus ventralis and the m. scalenus medius. C5
is a relatively minor contribution to the plexus, as it primarily contributes to the n.
suprascapularis, and does not significantly add to the more caudal plexus segments. T2 is of
similar size to the more cranially situated roots. Due to the minimal nature of the contribution
from C5, a true truncus superior (as a combination of the upper two or more root elements) does
not strictly exist. Rather, a pseudo-truncus superior mainly derived from C6 forms the cranial
portion of the plexus, as is commonly observed in some strepsirrhines. C7 alone forms the
truncus medius, and C8-T2 form the truncus inferior. The pseudo-truncus superior continues by
contributing a ventral division to the truncus medius (C7) which forms the primary bulk of the
fasciculus lateralis. The truncus medius does not contribute to the fasciculus medialis, which is
purely comprised of the ventral divisions of C8-T2. A true fasciculus posterior, in which the n.
axillaris forms after all dorsal divisions of the plexus brachialis trunks combine, does not form.
Instead, a pseudo-fasciculus posterior that results from the dorsal divisions of C6 and C7 joins
the dorsal division from C8-T2 in a stepwise fashion, the upper portion giving off several nerves
prior to said junction. All the normally occurring distal terminal nerves are formed in this plexus.
The right plexus brachialis forms in a similar fashion, only differing minorly in the formation of
the trunks, with the ventral division of C7 contributing to the truncus inferior as well as the
truncus superior. The observable distal nerve formation was similar to that on the left.
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Ventral nerves
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. cutaneus antebrachii
lateralis, n. medianus, n. ulnaris.
-

The n. suprascapularis arises at the dorsal/ventral split of the pseudo-truncus superior,
which is primarily C6 fibers with a smaller contribution from C5. This nerve travels
laterally, into the septum beneath the m. suprascapularis, and proceeds inferior to the
suprascapular ligament to provide innervation to the m. infraspinatus. It is single in
origin.

-

The n. pectoralis medialis arises from the fasciculus medialis and forms an ansa
pectoralis with the m. pectoralis lateralis, giving off two short branches to the pectoral
muscles.

-

The n. pectoralis lateralis arises from the fasciculus lateralis, which is primarily made up
by C7, and forms an ansa pectoralis with the n. pectoralis medialis. Two short branches
are given off to the pectoral muscles. An additional, longer branch of the n. pectoralis
lateralis is given off proximal to the ansa, which arises just distal to the ventral
contribution from the pseudo-truncus superior and bifurcates before inserting into the
pectoral musculature.

-

The n. musculocutaneous arises primarily from the fasciculus lateralis continuation of
C7, which receives a lesser contribution from C6, and an even smaller contribution from
C5. It forms distal to the lateral pectoral nerves, at the junction point where the lateral
head of the median nerve is given off. This nerve continues into the arm, innervating the
flexors of the elbow before. It does not pierce the m. coracobrachialis.
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-

The n. medianus forms from two heads: a lateral contribution primarily from C7, with a
smaller contribution from C5-6 that is contributed via the ventral division of the truncus
superior, and a medial head from the fasciculus medialis, solely derived from the ventral
division of C8-T1, with a minor contribution from T2. This nerve dives into the brachial
fascia and continues into the forearm along the medial aspect, entering the forearm
between the two heads of the m. pronator teres before diving under the m. flexor
digitorum superficialis and through the carpal tunnel into the hand.

-

The n. ulnaris arises primarily from the fasciculus medialis continuation of C8-T2 with a
small contribution from T2. It forms distal to the n. pectoralis medialis and at the
junction point where the medial head of the median nerve branches off. The n. ulnaris
continues into the arm, travelling behind the medial epicondyle of the humerus, and
between the two heads of the m. flexor carpi ulnaris.
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Figure 3.71. Nycticebus coucang (UC-NC-1). Left plexus brachialis. Ventral view.
Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
-

The n. thoracicus longus arises from two rootlets on the dorsal aspects of C6 and C7. It
combines and passes deep to the costal surface of the m. scalenus dorsalis and innervates
the m. serratus anterior from its superficial surface.
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-

The n. thoracodorsalis arises from a single branch off the dorsal division of the truncus
medius distal to its contributing junction from C6, and prior to the combination with the
dorsal division of the truncus inferior that forms the n. radialis.

-

The n. subscapularis superior is given off as two separate branches, the upper most from
C5 as it branches towards C6, and the lower branch at the junction point between C5-6
where the truncus superior is formed. Both branches insert into the m. subscapularis at
the same point at approximately 1/3rd of the muscle’s length.

-

The n. subscapularis inferior arises independently from the n. subscapularis superior and
is single in form. It derives primarily from the dorsal division of the truncus medius (C7),
but after the junction point with C5-6, and is potentially carrying those fibers as well. The
n. subscapularis inferior pierces the intermuscular septum between the inferior border of
the m. subscapularis and the superior border of the m. teres major. It was unclear whether
any motor branches were supplied to the m. subscapularis.

-

The n. axillaris arises from the dorsal division of the truncus superior and truncus medius
(C5-7) before it becomes a lateral contribution to the n. radialis. It travels with the a.
circumflex humerii posteriorii into the quadrangular space, where it provides innervation
for both the m. deltoideus and the m. teres minor through separate branches.

-

The n. radialis forms via two contributions analogous to the n. medianus. It receives a
lateral head from the combined dorsal contributions of the fasciculus lateralis and
fasciculus medius (C5-7), and a medial head from the fasciculus medialis (C8-T2). It
travels into the arm through the m. triceps brachii caput longum et medialis, where it
sends off several small branches to the heads of the muscle and a short branch to the m.
dorsoepitrochlearis.
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1cm

Figure 3.72. Nycticebus coucang (UC-NC-1). Left plexus brachialis. Dorsal view.
Intraspecific polymorphisms of study specimens
UC-NC-2
The left plexus brachialis of UC-NC-2 is not identical to the morphology exhibited in the
study specimen. The truncus superior does not truly form, as C5 only contributes to the
formation of the n. suprascapularis and does not significantly add to the caudal segments of the
plexus, leading to a strongly post-fixed appearance. The trunks form in a more dispersed pattern
than in UC-NC-2, with distinct dorsal/ventral splits and widely divergent nerve segments. No
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true fascicularis posterior is formed, as the pseudo-truncus superior adds to the dorsal division
of the truncus medius, which in turn gives off the n. axillaris before contributing to the n.
radialis. The truncus inferior adds a medial head to the n. radialis, making its likely
contributions C6-T2. The right plexus brachialis was unobservable due to preservation
conditions.

1cm

Figure 3.73. Nycticebus coucang (UC-NC-2). Left plexus brachialis. Dorsal view.
Summary
The plexus brachialis in Nycticebus coucang is most typically derived from the roots C6T2 (2/2 specimens, 2/3 plexus specimens), with a minor addition from C5 directly to the n.
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suprascapularis. These roots combined to form two true trunks in the truncus medius and
truncus inferior. The truncus superior in a strict sense does not form, as C5 only contributes a
minor branch. The trunks only form one true cord in the fasciculus medius (C8-T2 in 2/3 and C7T2 in 1/3 sides), and two pseudo-cords in the pseudo-fasciculus lateralis and the pseudofasciculus posterior. This is typical of the pattern observed in most strepsirrhine primates,
particularly in the widely spaced plexus seen in UC-NC-1.

Notes
Kanagasuntheram and Jayawardene (1957) briefly describe the plexus brachialis for the
slender loris Nycticebus coucang as arising from C5-T2. The researchers describe it as the “postfixed type typical to lower primates, and in which the contribution from the fifth cervical nerve is
small while that from the first thoracic nerve is much larger.”. They note that fibers from the n.
musculocutaneous intermingle with a branch of the n. medianus, and that there is a large
communicating trunk between the n. medianus and n. ulnaris that occurs just proximal to the
carpal tunnel. The researchers suggest this is potentially a primitive trait. Three trunks form: an
upper from C5-6, and middle from C7, and a lower from C8-T2. T2 appears to only provide a
ventral division to the truncus inferior. Three cords form with the ventral divisions of C5-7
becoming the fasciculus lateralis (terminating in the split of the n. musculocutaneous and the
lateral head of the n. medianus), C8-T2 forming the fasciculus medialis (terminating in the split
between the n. ulnaris and the medial head of the n. medianus), and the fasciculus posterior,
composed of C5-T1, with a possible small contribution of T2. The fasciculus posterior is not
well consolidated, with several supplementary branches from the dorsal divisions of each nerve
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bundle forming. The n. subscapularis inferior branches off the stalk of the n. axillaris distal to its
split from the rest of the fasciculus posterior. The n. thoracodorsalis arises solely from C7.
Kawashima and Thorington (2011) illustrate the plexus brachialis of Nycticebus coucang
in concert with the cervical plexus and other associated soft tissues. The researchers depict (but
do not describe) the plexus as having contributions from C5-T1, with small contributions from
T2 to the plexus bilaterally. The truncus superior is shown as the primary contributor of the
truncus superior, with only a small connection from C5. The phrenic nerve is shown to arise
from C4-6 on both sides. The pectoral nerves arise from the same bundle and split distally. The
axillary nerve comes off the posterior divisions of the upper and truncus medius, possibly
containing fibers from C5-7, rather than off the fasciculus posterior proper or radial nerve. The
upper/truncus medius posterior divisions continue on to meet the dorsal division of the fasciculus
lateralis to form the fasciculus posterior/radial nerve.
______________________________________________________________________________
3.4.21. Pan paniscus
Number of specimens
n=6, np=7
Specimen list
AU-PP-1 (ZIMS 164052), AU-PP-2 (164031), AU-PP-3 (ZIMS 164040), AU-PP-4 (ZIMS
164041), AU-PP-5 (ZIMS 164042), AU-PP-6 (ZIMS 164047)
Designated descriptive specimen
AU-PP-2
Plexus brachialis descriptive anatomy for designated specimen
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The left plexus brachialis of AU-PP-2 begins to converge in the interscalene space
between the m. scalenus anterior and m. scalenus medius. The plexus brachialis comprised of
nerve roots C5, C6, C7, C8, and T1 with a minor contribution from C4. These roots form three
trunks: C4-C6 form the truncus superior, C7 forms the truncus medius, and C8-T1 form the
truncus inferior. The truncus superior splits into a dorsal and ventral branch distal to the
formation of the n. suprascapularis. The ventral branch contributes to the fasciculus lateralis,
and the dorsal to the fasciculus posterior. The ventral branch of the truncus medius contributes to
the fasciculus lateralis and does not provide a direct contribution to the fasciculus medialis. The
dorsal branch continues to become part of the fasciculus posterior. The truncus inferior (C8-T1)
combine slightly distal to the interscalene triangle and provide a ventral branch that forms the
fasciculus medialis. The dorsal division contributes to the fasciculus posterior at the point where
the medial head of the n. medianus is derived. The a. axillaris does not travel through the heads
of the n. medianus, corroborating the findings of Kikuchi et al., (2010). The n. phrenicus arises
from the anterior portion of the root of C4 and with a contribution from C5 before descending
superficial to the m. scalenus anterior to pass into the thoracic cavity. The right plexus brachialis
was unavailable for dissection in this specimen.
Ventral nerves
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. medianus, n. ulnaris.
- The n. suprascapularis (C5-C6) is the first branch off the truncus superior. A single
unit branches off from the posterior portion of the truncus superior and travels through
the incisura scapulae to innervate the m. supraspinatus, and through the incisura
spinoglenoid to innervate the m. infraspinatus muscle, both via their ventral surfaces.
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- The n. pectoralis medialis arises from the fasciculus medialis (C8-T1) and passes
through the subclavicular space to innervate m. pectoralis minor via its deep surface but
does not pierce the muscle on its way to also innervate m. pectoralis major. Instead, it
passes inferior to the ligamentum costocoracoideum, and into the deep aspect of m.
pectoralis minor. The n. pectoralis medialis divides into three segments distally and
forms an ansa pectoralis with the n. pectoralis lateralis via its most lateral segment
where it continues to innervate the m. pectoralis major. This pattern is consistent in all
bonobo specimens dissected. This nerve also innervated the m. chondroepitrochlearis,
which was present on the lateral aspect of the deep surface of m. pectoralis major in AUPP-2.
- The n. pectoralis lateralis arises from fasciculus lateralis (C5-C7), passes beneath the
ligamentum costocoracoideum, medial and deep to m. pectoralis minor (where it does not
give a direct contribution or pierce the muscle). It continues to innervate the m. pectoralis
major through its deep surface. The n. pectoralis lateralis receives a contribution from
the n. pectoralis medialis to form an ansa pectoralis.
- The n. musculocutaneous forms in two segments, first a large branch from the anterior
portion of the truncus medius (C7) that directly pierces the m. coracobrachialis, and a
second branch more distally splitting from the combined n. medianus an n. ulnaris bundle
(C5-C7), just proximal to the junction with the ventral branches of the truncus inferior.
This smaller portion pierces the m. coracobrachialis and continues distally between the
deep belly of the m. biceps brachii and the m. brachialis to become the n. cutaneus
antebrachii lateralis.
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- The n. medianus arises from the junction of the ventral branches of all roots (C5-T1)
and runs with the n. ulnaris for a significant distance before splitting off.
- The n. ulnaris branches off the n. medianus, with which it shares a common set of roots
(C5-T1).
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1cm

Figure 3.74. Pan paniscus (AU-PP-2). Left plexus brachialis. Ventral view.
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1cm

Figure 3.75. Pan paniscus (AU-PP-2). Left plexus brachialis. Ventral view. M. pectoralis major
reflected laterally, m. pectoralis minor in situ.
Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
252

-

The n. thoracicus longus originates on the posterior portion of the root of C7 and
descends caudally to receive contributions from the combined truncus inferior (C8-T1).
This nerve inserted directly into the superficial surface of m. serratus anterior.

-

The n. thoracodorsalis branches from the caudal portion of the fasciculus posterior
(fasciculus posterior, C5-T1) proximal to the split of the n. axillaris and the n. radialis. It
proceeds caudally to innervate the m. latissimus dorsi on its superficial surface.

-

The n. subscapularis superior branches from two portions of the fasciculus posterior
(fasciculus posterior, C5-C7) and insert into the superior, middle, and inferior ventral
aspects of the m. subscapularis.

-

The n. subscapularis inferior arises from a shared stalk with the n. axillaris (C5-7)
separate from the formation of the n. subscapularis superior and innervates the m. teres
major via its ventral surface.

-

The n. axillaris branches from the fascicularis posterior (C5-7), where it splits from the
n. radialis, and runs through the quadrangular space. Upon passing through this space, it
divides into three segments, the superior and inferior portions of which insert into the
deep surface of the m. deltoideus, and the remaining portion that inserts into the dorsal
(superficial) surface of m. teres minor.

-

The n. radialis arises from the fasciculus posterior, where it receives contributions from
all nerve roots of the plexus brachialis (C4-T1), contrary to the report of Kikuchi et al.,
(2010), who found that (the root of) T1 did not contribute to this structure. This nerve
innervates the entire posterior compartment of the arm, including the m.
dorsoepitrochlearis, contrary to some reports that suggested this muscle is innervated by
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a branch of the n. thoracodorsalis. This pattern of innervation is consistent in many
genera of extant primates (Shearer, unpublished data).

1cm

Figure 3.76. Pan paniscus (AU-PP-2). Left plexus brachialis. Ventral view.
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Intraspecific Variations of study specimens
AU-PP-1
AU-PP-1 presents a mostly typical formation of the right plexus brachialis, despite its
relatively early developmental stage. Root contributions are C5-T1, and the typical truncus
superioris (C5-6), truncus medialis (C7), and truncus inferior (C8-T1) are formed. The
fasciculus lateralis forms as a combination of the ventral branches of the truncus superior and
the truncus medius, while the fasciculus medialis forms as a continuation of the truncus inferior.
The fasciculus posterior forms from the dorsal divisions of all trunks. Overall, its morphology is
reflective of the pattern described in the study specimen, with no significant variations in theme
other than the lack of a C4 contribution. The left plexus brachialis was not available for
dissection.
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1cm

Figure 3.77. Pan paniscus (AU-PP-1). Right plexus brachialis. Ventral view.
AU-PP-3
The right plexus brachialis of AU-PP-3 conforms somewhat to the hylobatid-like
morphology seen in AU-PP-4, AU-PP-5, and AU-PP-6, though presents several unique
variations on the theme. It receives roots from C4-T1, though C4 is relatively small. Upon
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exiting the interscalene triangle, the truncus medius joins with the truncus inferior to form a
portion of the fasciculus anterior, which is then joined by the ventral branch of the truncus
superior. These elements join distally to the morphology presented in the specimens listed above
but result in a similar combination of the n. medianus and n. ulnaris that only splits further into
the arm. The n. musculocutaneous was destroyed in a previous dissection, and as such its
derivation cannot be determined. The fasciculus posterior forms normally as a combination of
the dorsal division of all contributing nerves. The left plexus brachialis was unavailable for
dissection.

1cm
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Figure 3.78. Pan paniscus (AU-PP-3). Right plexus brachialis. Ventral view.
AU-PP-4
The left plexus brachialis of AU-PP-4 presents with several variations in the proximal
and distal segments. C5-7 combine to form the truncus superior, while C8 and T1 form the
truncus inferior; no true truncus medius is formed. The truncus superior gives rise to the n.
musculocutaneous, contributes to the lateral root of the n. medianus, and provides dorsal
contributions to the fasciculus posterior. The ventral aspect of the truncus inferioris contributes
to the lateral root of the n. medianus, provides much of the dorsal contribution for the fasciculus
posterior. The n. medianus branches off from a common stalk with the n. radialis and n. ulnaris
(which run together in this specimen). The other posterior nerves (e.g., n. axillaris, n.
subscapularis, etc.). arise from a common cord with the n. radialis/ulnaris but arise more
dorsally. The lack of diversification in the fasciculi is observed.
The right plexus brachialis of AU-PP-4 viewed from the posterior aspect demonstrates
the branching patterns contributing to the dorsal nerves. C4 provides a very small contribution to
the truncus superior, while C5-6 provide the major nerve segments. The n. dorsalis scapulae can
be viewed emerging from C4-5 deep to the m scalenus posterior, and the n. suprascapularis can
be seen arising from the truncus superior shortly before it splits into anterior and posterior
divisions. C7 gives rise to the truncus medius, which continues for a short distance before being
joined by the dorsal divisions of C8-T1 to form the fasciculus posterior. The n. axillaris
branches very proximally, arising from the trunks of C5-7.
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Figure 3.79. Pan paniscus (AU-PP-4). Left plexus brachialis. Ventral view.
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1cm

Figure 3.80. Pan paniscus (AU-PP-4). Right plexus brachialis. Dorsal view
AU-PP-5
AU-PP-5 presents a series of atypical configurations in the proximal segments of the
right plexus brachialis. The roots form a truncus superior (C5-6) and a truncus inferior (C7-T1),
with no true intermedius being formed. Similar to the right side of AU-164047, the trunks then
merge to form a combined fasciculus medialis/posterior/lateralis. The fasciculus posterior is
formed somewhat separately from the other two, but still is more closely adherent than is usually
seen. This bundle makes it impossible to hypothesize the potential nerve contributions to each
260

terminal nerve, although each appears to derive from or near the usual position (e.g., superior,
inferior, posterior). The left plexus brachialis was not available for dissection in this specimen.

1cm

Figure 3.81. Pan paniscus (AU-PP-5). Right plexus brachialis. Ventral view
AU-PP-6
The right plexus brachialis of AU-PP-6 presented a set of variations not typical for Pan,
but also of a type that has been noted in several P. troglodytes specimens dissected here and in
the literature. The root contributions were identical to the left side (C4-T1), but rather than
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branching into a fasciculus medialis and a separate fasciculus lateralis, the ventral aspects
conjoin to form a distinct combined fasciculus anterior/ventralis analogous to the morphology
commonly observed in hylobatids. This pattern is similar to that seen in the left plexus brachialis
of AU-PP-5 (described below), but it is more defined and does not give off an additional branch
of n. musculocutaneous, nor does it receive any additional contributions from inferior portions of
the plexus as seen on the left side. The combined fasciculus ventralis receives nerve
contributions from C4-T1, and branches into the n. musculocutaneous, the n. medianus, and the
n. ulnaris just distal to the convergence of the nerve bundle divisions. The n. musculocutaneous
is notable in that it does not form as a single nerve, but rather as a series of small, independent
nerves that derive from the lateral border of the fasciculus anterior as in hylobatids. The ventral
branches follow the normal pathways for their distribution after the split. The proximal segments
of the fasciculus posterior form normally. The left plexus brachialis of AU-PP-1 was not
available for dissection.

262

1cm

Figure 3.82. Pan paniscus (AU-PP-1). Left plexus brachialis. Ventral view.
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1cm

Figure 3.83. Pan paniscus (AU-PP-1). Right plexus brachialis. Dorsal view.
Summary
The plexus brachialis of Pan paniscus is variable, and it appears that at least two
different morphologies are commonly presented, though the entire study population used here
was from a single colony in Antwerp, Belgium. Generally, root contributions are C5-T1 and a
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small contribution from C4. There were no observed contributions from T2 in any specimen
dissected here. One common morphology is similar to the condition found in Homo sapiens and
Pan troglodytes, in which three separate trunks form off the roots C4-T1, which in turn form
three separate cords that end in terminal nerves. This morphology was preserved in 2/6
specimens. The other commonly observed morphology strongly resembles the plexus brachialis
pattern presented by hylobatids, which do not form a distinct fasciculus lateralis et medialis, but
rather form a fasciculus ventralis/anterior. Additionally, the plexus lacks a distinct n.
musculocutaneous and instead has several small branches that innervate the flexor compartment
of the arm. 4/6 specimens presented with this morphology. Though this configuration is not
identical to that of the Hylobates or Symphalangus specimens studied here, the frequency of its
presence suggests it should be considered as a polymorphism. Additional variation exists in the
origin of the pectoral nerves, though the n. pectoralis lateralis consistently fails to pierce the m.
pectoralis minor to innervate the m. pectoralis major, contrary to the normal condition in Homo
sapiens and Pan troglodytes. The n. ulnaris occasionally runs with the n. medianus well into the
axillary sheath, where it branches distally to continue into the antebrachium, though this
morphology is frequently paired with the lack of a distinct fasciculus lateralis et medialis. Distal
contributions to particular neuromuscular units are similar to those seen in Homo sapiens and
Pan troglodytes, although the actual nerve root contributions for Pan paniscus to each muscle
and the overall distribution patterns for nerves remain to be investigated.

Notes
Limited work has been conducted on the plexus brachialis of bonobos. Miller (1952)
describes the terminal nerves that innervate the muscles of the pectoral girdle and forelimb but
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does not describe the structure or root levels of the plexus brachialis itself. Kikuchi et al., (2010)
dissected one plexus brachialis, finding that C5-8 only contributed to the plexus, without T1.
The researchers also find that the a. axillaris does not pierce the plexus brachialis. Overall, their
depiction and description of the plexus brachialis is similar to one of the commonly observed
formations found in this study, excepting the lack of a T1 contribution.
______________________________________________________________________________
3.4.22. Pan troglodytes
Number of specimens
n=12, np=19
Specimen list
AU-PT-1, AU-PT-2, AU-PT-3, MS-PT-1, MS-PT-2, HU-PT-1, HU-PT-2, HU-PT-3, UIUC-PT1, UC-PT-1, UC-PT-2, UC-PT-3
Designated descriptive specimen
HU-PT-2
Descriptive anatomy for designated specimen
The right plexus brachialis of HU-PT-2 forms in the interscalene triangle between the m
scalenus anterior and the m. scalenus medius and is comprised of nerve roots from C4-8 and T1.
The plexus is formed into three trunks, a truncus superior (C4-6), a truncus medius (C7), and a
truncus inferior (C8-T1). The truncus superior forms from a small contribution from C4, which
primarily travels with the n. suprascapularis, and a thicker bundle of the combined roots C5-6,
with C6 being the larger nerve. The truncus medius is formed by C7 alone, which is a thick
bundle that persists through the interscalene triangle before splitting into dorsal and ventral
divisions. The truncus inferior is comprised of a combined C8-T1 that are altogether slightly
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thinner in diameter than the truncus medius. All three trunks persist independently in the
interscalene triangle, and only begin to combine at the lateral border of the scalene muscle
complex. At the lateral border of the mm. scalenus, the truncus superior provides a ventral
division to the fasciculus lateralis, which joins with fibers from the truncus medius to form the
lateral head of the n. medianus, and a dorsal contribution to the fasciculus posterior. The truncus
medius primarily contributes to the fasciculus posterior and receives contributions from the
dorsal divisions of C4-6 and C8-T1 along its route distal to the lateral edge of the m. scalenus
medius. The truncus inferior provides a ventral branch that becomes the fasciculus medialis and
combines with the ventral division of C4-7 to create the n. medianus. The a. axillaris does not
pass through the heads of the n. medianus, but rather passes ventral and caudal to it into the
axilla.

Ventral nerves
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. cutaneus antebrachii
lateralis, n. medianus, n. ulnaris.
-

The n. suprascapularis arises from the truncus superior (C5-6), with a small contribution
from C4 that likely only provides axons for this nerve. It is singular in formation and
maintains continuity until it travels in the incisura scapulae, where it provides small
branches to the m. supraspinatus before continuing caudally to innervate the m.
infraspinatus from its deep surface.

-

The n. pectoralis medialis arises from several small branches from the ventral surface of
the fasciculus medialis (C8-T1). The more medial branches provide some innervation to
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the m. pectoralis major and the m. pectoralis abdominus, and the more lateral branch
joins with the n. pectoralis lateralis to form the ansa pectoralis. No branch of this nerve
pierces the m. pectoralis minor.
-

The n. pectoralis lateralis forms on the ventral surface of the fasciculus lateralis (C4-6,
but likely only C5-6), where it distally branches into two distinct segments. The more
medial segment joins with the m. pectoralis medialis to form the ansa pectoralis, which
then inserts itself into the cranial edge of the m. pectoralis major and m. pectoralis minor.
The more lateral branch inserts itself only in the cranial aspect of the m. pectoralis major
costal surface.

-

The n. musculocutaneous results as a continuation of the fasciculus lateralis (C5-6), but
with a possible small contribution from C4. The nerve pierces the m. coracobrachialis
and continues on to provide twigs of innervation to the flexor compartment of the arm. A
thin branch continues between the m. biceps brachii and the m. brachialis to the lateral
aspect of the arm to become the n. cutaneous antebrachii lateralis.

-

The n. medianus forms via a lateral head that is a branch of the fasciculus lateralis
(ventral division of C4-6) and a medial head that is a bifurcation of the fasciculus
medialis (ventral division of C8-T1). The n. medianus likely contains axons from all root
levels contributing to the plexus brachialis with the possible exception of C4, which is
small and cranially situated, giving the appearance that it may only contribute to the n.
suprascapularis. The two heads converge in the axilla and the combined nerve bundle is
enveloped by the brachial neurovascular bundle along with the n. ulnaris. It continues
into the forearm through the two heads of the m. pronator teres. In the distal third of the
forearm it receives a small anastomosis from the n. ulnaris. The n. medianus provides
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innervation to the ventral compartment of the forearm, excepting the m. flexor carpi
ulnaris and the medial half of the m. flexor digitorum profundus.
-

The n. ulnaris is a continuation of the fasciculus medialis (C8-T1) after it gives off the
medial head of the n. medianus. This nerve travels deep to the m. dorsiepitrochlaris and
wraps around the medial epicondyle of the os humerus before traveling between the
heads of the m. flexor carpi ulnaris into the forearm. In the forearm it innervates the m.
flexor carpi ulnaris and the medial half of the m. flexor digitorum profundus.

-

1cm

Figure 3.84. Pan troglodytes (HU-PT-2). Right plexus brachialis. Ventral view.
Dorsal nerves
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The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
-

The n. thoracicus longus forms from three small rootlets given off the dorsal aspects of
C5, C6, and C7, which combine into a single bundle and travel deep to the m. scalenus
medius. Upon exiting from beneath the muscle belly, the n. thoracicus longus inserts into
the superficial surface of the m. serratus anterior to provide innervation. A small branch
is given off separately to the cranial-most portion of the muscle.

-

The n. thoracodorsalis derives from the fasciculus posterior, mainly as a continuation of
C7 but possibly with contribution from the dorsal division of C6. The nerve travels
directly to the costal surface of the m. latissimus dorsi where it provides innervation. It
shares an origin point with the n. axillaris and the n. subscapularis inferior on the lower
branch of the pseudo-fasciculus posterior.

-

The n. subscapularis superior forms as a single nerve bundle from the dorsal surface of
the fasciculus posterior (C5-6) that splits into three constituent parts that innervate the m.
subscapularis through its costal surface. The nerves insert in an evenly spaced
arrangement in the cranial 2/3rds of the costal surface of the muscle.

-

The n. subscapularis inferior arises on the dorsal aspect of the fasciculus posterior (C6-7)
as a separate branch distal to the formation of the n. subscapularis superior. It splits after
forming, providing a direct branch to the costal surface of the m. teres major and a more
cranial branch to the inferior-most portion of the n. subscapularis.

-

The n. axillaris derives from the dorsal aspect of the fasciculus posterior (C6-7) and
shares a common branching point with the n. thoracodorsalis and the n. subscapularis
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inferior. The nerve travels laterally into the quadrangular space where it splits into ventral
and dorsal branches, providing innervation to the m. deltoideus and the m. teres minor.
-

The n. radialis arises as a continuation of the fasciculus posterior, where it receives
contributions from all nerve roots of the plexus brachialis (C4-T1), though C4 is unlikely
to contribute significantly. This nerve travels into the intermuscular septum of the m.
triceps brachii, wrapping laterally around the arm and providing several short branches to
the different muscle heads from their deep surfaces. Prior to diving into the septum, it
provides a direct branch to the m. dorsiepitrochlaris. It enters the forearm by piercing the
m. supinator as the deep branch of the radial nerve, where it provides innervation to all
the forearm extensors.

1cm

Figure 3.85. Pan troglodytes (HU-PT-2). Right plexus brachialis. Dorsal view.

271

Intraspecific polymorphisms of study specimens
HU-PT-1
The right plexus brachialis of HU-PT-1 is organized similarly to the study specimen,
though some polymorphisms are present. The roots contributing to the plexus are C4-8 and T1,
with C4 being the smallest and C8 the largest. The truncus medius (C7) presents an early ventral
branch that joins with the fasciculus medialis, and a subsequent anterior branch that joins with
the fasciculus lateralis, thereby creating an early split of the heads of the n. medianus. In this
way, there is no true fasciculus medialis, but something closer to the condition observed in
hylobatids where a fasciculus anterior/ventralis is present wrapped in a common epineurium.
The junction of the truncus inferior ventral branch distally terminates in the cutaneous nerves of
the arm and forearm after connecting to the ventral branch of C7, with the n. ulnaris splitting off
the n. medianus.
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Figure 3.86. Pan troglodytes (HU-PT-1). Right plexus brachialis. Ventral view.
HU-PT-3
This specimen was heavily dissected by a previous researcher, and only small segments
of the right and left plexus brachialis could be observed because of poor preservation quality.
The left side presented with a small C4 contribution, but the proximo-cranial segments of the
right plexus were too damaged to clearly observe if this connection was bilaterally present. The
morphology of the roots and trunks suggested a non-hylobatid-like morphology.
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AU-PT-1
The left plexus brachialis of this specimen conforms to the common polymorphism of a
generally hylobatid-like morphology. The ventral divisions of the contributing roots (C4-8 and
T1) form into a single bundle, or fasciculus anterior/ventralis, akin to the common morphology
observed in hylobatids. Also, as in hylobatids, the n. medianus and the n. ulnaris travel together
in a common sheath well into the axilla, and the n. musculocutaneous does not arise as a single
continuation of the fasciculus lateralis, but rather as a series of several small, independent
branches that form from the combined anterior cord. The dorsal segments of the plexus
brachialis form normally. The n. phrenicus forms from the junction point of C4 with C5 from its
cranial aspect. The right plexus brachialis was not observed to check if the pattern on the left
was idiosyncratic, as it was destroyed during dissection by other researchers.

274

1cm

Figure 3.87. Pan troglodytes (AU-PT-1). Left plexus brachialis. Ventral view.
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1cm

Figure 3.88. Pan troglodytes (AU-PT-1). Left plexus brachialis. Ventral view.
AU-PT-2
The right plexus brachialis of AU-PT-2 was destroyed beyond the divisions portion from
previous dissection by other researchers, and as such only the proximal segments could be
observed. C4 contributes to the truncus superior, which in total is comprised of C4-6. C7 alone
makes up the truncus medius, and C8-T1 make up the truncus inferior. The n. suprascapularis
derives normally from the dorsal aspect of the truncus superior. The trunks coalesce shortly after
their own formation into the common polymorphic type for Pan wherein there is a formation of a
fasciculus anterior/ventralis as in hylobatids. The distal branching points of the terminal nerves
were not visible, as they had been cut previously by other researchers in dissection of the arm. A
276

short segment of the fasciculus posterior remains, and shows a normal morphology deriving
from the dorsal divisions of all the contributing plexus brachialis segments. The left plexus
brachialis was not available for dissection in this specimen.

1cm

Figure 3.89. Pan troglodytes (AU-PT-2). Right plexus brachialis. Ventral view.
AU-PT-3
The cervical region and arms of this specimen had been heavily dissected by a previous
researcher, and most neural components were not preserved. The proximal-most segments of the
trunks in the interscalene space were visible, and bilaterally show a root contribution pattern of
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C4-8 and T1, though the C4 root was much larger on the right. No other relevant morphology
was preserved.

MS-PT-1
This specimen was available only in a digitally preserved state. As the resolution of the
peripheral nerves were not sufficiently high to observe the plexus the entire way through the
specimen, only the proximal segments can be confidently identified. The root contributions are
from C5-T1, with a small contribution from C4 on both sides.

MS-PT-2
This specimen was also only available in digital form. Similar to the condition of MS-PT1, the proximal segments were the only areas sufficiently visible to make any diagnosis of
morphology. The roots of the plexus brachialis on the left appeared to consist of C5-T1, with no
visible contribution from C4, though this may simply be there result of a small contribution that
was not preserved by the CT scan. On the right, the branch from C4 is visible, and the total root
contributions are C4-T1. The trunks appear to form in a similar fashion to the designated study
specimen and maintain the most commonly observed morphology seen in Pan.

UC-PT-1
The left and right plexus brachialis of UC-PT-1 derive from the commonly observed C48 and T1, but two notable polymorphisms from the type specimen chosen here. On the right, a
branch of the n. pectoralis medialis pierces m. pectoralis minor, a condition not commonly
observed in non-human primates. On both sides, the a. axillaris passes between the heads of the

278

n. medianus by travelling superficial to the medial head. This specimen also exhibits an
anastomosis between the n. ulnaris and the n. medianus in the distal third of the forearm before
the carpal and ulnar tunnels. The n. musculocutaneous pierces the m. coracobrachialis.

UC-PT-2
This specimen was a heavily dissected juvenile, in which the majority of the plexus
brachialis on both sides had been previously destroyed. The roots to the plexus were maintained,
with both sides showing C4-T1 as contributing nerves. The proximal formation of the trunks
were also preserved, showing a truncus superior (C4-6), a truncus medius (C7), and a truncus
inferior (C8-T1).

UC-PT-3
This specimen was a heavily dissected adult female with the proximal segments of the
plexus brachialis preserved on the left side, and the roots preserved on the right. Both sides
presented with root contributions from C4-T1. The proximal segments of the left plexus formed
a truncus superior (C4-6), a truncus medius (C7), and a truncus inferior (C8-T1). The truncus
medius added its ventral contribution the truncus superior to form the fasciculus lateralis. The
fasciculus medius was formed by the ventral division of the truncus inferior alone. The
fasciculus posterior was formed from the dorsal divisions of all the trunks. The n. pectoralis
medialis did not pierce the m. pectoralis minor, instead traveling around it to innervate the m.
pectoralis major from its costal surface. A strong ansa pectoralis was formed by the pectoral
nerves. The dorsal nerve segments were not completely preserved, though a true fasciculus
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posterior was visible, forming prior to the branching of the n. axillaris. This specimen presented
with the non-hylobatid morphotype.

UIUC-PT-1
The right plexus brachialis of UIUC-PT-1 is condensed compared to the other individuals
studied here, with a series of epineural junctions between trunks causing the common
polymorphism of combined fasciculus lateralis et medialis in a generally hylobatid-like
morphology, though this specimen does not fully conform to either morphotype. It presents the
normal Pan root contribution number of C4-8 and T1. The main source of variation in this
specimen in the presence of an early dorsal/ventral split of the truncus medius (C7), which
divides in the interscalene triangle. No true fasciculus lateralis forms, as the truncus medius
becomes the lateral head of the n. medianus with a cranial addition of the truncus superior. The
n. musculocutaneous also arises from this junction point. The n. ulnaris branches distal to the
formation of the n. medianus. The posterior segments of the plexus form normally. The n.
pectoralis medialis did not pierce the m. pectoralis minor. The left plexus brachialis was
damaged from previous dissection and was not observed.
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Figure 3.90. Pan troglodytes (UIUC-PT-1). Right plexus brachialis. Ventral view.
Summary
The plexus brachialis of Pan troglodytes presents with several common morphologies, as
observed in the closely related Pan paniscus. The most frequently encountered morphology was
comprised of roots from C4-T1 (12/12 specimens), which form into a truncus superior (C4-6),
truncus medius (C7), and truncus inferior (C8-T1), which in turn form into a fasciculus lateralis
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(C4-7), fasciculus medialis (C8-T1), and fasciculus posterior (C4-T1). This morphology was
observed in 8/12 (67%) specimens. The other morphology observed in 4/12 (33%) specimens
strongly resembles the typical structure observed in hylobatids, where the fasciculus lateralis and
fasciculus medialis do not truly form, but instead are combined into a fasciculus anterior. In
these instances, the morphology differs from that seen in hylobatids in several ways: the trunks
combine more distally than in hylobatids, and the n. musculocutaneous forms variably, with
some specimens exhibiting a true, single nerve, and others the nerve complex of several short
branches seen in hylobatids. While C4 consistently contributes to the plexus in Pan troglodytes,
its relative size is much smaller than the contribution observed in both Pongo and Gorilla.

Notes
With perhaps the exception of Macaca mulatta, the plexus brachialis of the common
chimpanzee has been discussed in greater detail than that of any other primate (e.g., Champneys,
1872; Chapman, 1879; Bolk, 1902; Sonntag, 1924; Miller, 1934; Harris, 1939; Kusakabe et al.,
1965b; Kawashima and Sato, 2012). Most researchers agree that C4 contributes to the plexus
brachialis, at least to the n. suprascapularis, though Bolk (1902) suggests that it may
additionally contribute to the first branch of the n. subscapularis. It is unclear to what extent C4
may add axons to any other terminal nerve, though Koizumi and Sakai (1995) report that C4
consistently contributed the truncus superior, along with C5-6, in four microdissections,
suggesting it may have further distribution than previously thought. No reports from the
literature describe a contribution to the plexus brachialis from T2, and T1 is often reported to be
smaller than other nerve roots (e.g., Bolk, 1902; Kusakabe et al., 1965b), suggesting a markedly
“pre-fixed” formation whereby the nerves have been shifted cranially that is typical of
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hominoids. Most researchers additionally report that the a. axillaris does not pass through the
heads of the n. medianus (e.g., Koizumi and Sakai, 1995; contra Bolk, 1902). The overall
morphology is frequently described as “human-like” (e.g., Miller, 1934), though the truncus
medius is often depicted as directly contributing to the n. medianus as an extra ‘head’ rather than
adding to the truncus superior.
The number and origin of the n. subscapularis superior is a point of contention in the
literature. Sonntag (1924) reports that his specimen exhibits four total n. subscapularis. He
describes the upper two as providing innervation the upper and lower parts of the m.
subscapularis, a “long subscapular” nerve analogous to the n. thoracodorsalis, and a n.
subscapularis inferioris that provides the inferior border of the m. subscapularis and the entire
m. teres major
Bolk (1902) lists the plexus brachialis as having roots from C5-T1, with a small root
contribution from C4, though it is unclear whether the researcher is simply describing the
contribution of the cervical plexus to the n. phrenicus. There is some debate in the literature as to
the root composition of this nerve. Bolk lists it as C3-5 but describes findings of several other
researchers: Chapman (C3-4), Vrolik (C4), Hepburn (C4-5), Sperino (C4-5), and Champneys
(C4-5). Bolk further describes the origin of the dorsal scapular nerve (to the m. levator scapulae)
as arising form C4-5. Bolk cites the origin of the n. suprascapularis as C4-5 but notes that other
researchers have found different fiber arrangements: Hepburn (C5-6), Champneys (C5), and
Sperino (C5). N. subclavius arises from C5-6. Lateral pectoral nerves C6-7, Medial C8-T1 in
Bolk’s specimens. Miller (1934) depicts the a. axillaris as wrapping around the n. medianus and
n. ulnaris rather than splitting the medial and lateral heads of the n. medianus.
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Kusakabe et al., (1965b) report that in a bilateral dissection of a single specimen of Pan
troglodytes (two plexuses), C4-T1 was the root contribution on both sides, though the fiber
bundle from C4 was thin. Three trunks were reported: an upper consisting of C4-6, a middle of
C7 alone, and a lower of C8-T1. All dorsal divisions from the three trunks ramify to form the
fasciculus posterior, which branches into the n. axillaris and a n. radialis.
Gibbs found no information on the route or origin of the n. dorsalis scapulae in Pan and
reports no findings of roots or anatomy for the n. thoracodorsalis in Pan.
Kawashima and Sato (2012) illustrate the plexus brachialis of an adult Pan troglodytes in
concert with the cervical plexus and other associated soft tissues. The researchers depict (but do
not describe) the plexus as having contributions from C5-T1 bilaterally. The n. phrenicus is
depicted as arising from C4-5, and one of two connections between the plexus cervicalis and
plexus brachialis. The n. dorsalis scapulae form from both C4-5, with several branches arising
independently from each cervical nerve, and several shown to anastomose. Three trunks form
bilaterally: an upper from C5-6, a middle from C7, and a lower from C8-T1. The n. axillaris
forms solely from C5-6 off the dorsal division of the truncus superior. The n. musculocutaneous
likely contains fibers form C5-7 on both sides via the ventral divisions of these nerves. The n.
thoracicus longus does not originate on the trunks on the right side, but instead on the fasciculus
posterior just prior to the formation of the radial nerve (both sides arise from C5-7). Numerous
poorly differentiated pectoral nerves are depicted as arising from all cords and forming a series
of connections before bifurcating to their termination point.
Kawashima and Sato (2012) additional illustrate the plexus brachialis of an infant Pan
troglodytes in concert with the cervical plexus and other associated soft tissues. The researchers
depict (but do not describe) the plexus on the right side only, and show it as having contributions
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primarily form C5-T1 with a small contribution from C4 to the truncus superior in addition to
the normal contribution of C4 to the n. phrenicus. Typical trunk formation is depicted, with C5-6
forming a truncus superior, C7 alone forming a middle, and C8-T1 forming a truncus inferior.
The a. axillaris is not shown to penetrate the cords of the plexus brachialis. The n. axillaris
forms off the dorsal division of the truncus superior as in the adult P. troglodytes also depicted
in the publication (Figure 4; Pg. 444). The n. dorsalis scapulae are depicted as arising from the
cervical plexus without connection to the plexus brachialis. In this infant specimen, C7 is
depicted as contributing directly to the n. medianus rather than providing fibers through a ventral
contribution to the fasciculus lateralis.
______________________________________________________________________________
3.4.24. Pongo pygmaeus
Number of specimens
n=7, np=11
Specimen list
HU-PO-1, SB-PO-1, SB-PO-2, MS-PO-1, UC-PO-1, UC-PO-2, UC-PP-3
Designated descriptive specimen
HU-PO-1
Descriptive anatomy for designated specimen
The right plexus brachialis for HU-PO-1 is comprised of the roots C4-T1. The nerves
converge in the interscalene triangle, between the anterior and middle scalene muscles, and exit
between these with no roots or trunks piercing the muscles. C4 joins C5-6 and converge into a
truncus superior, C7 alone forms the truncus medius, and C8-T1 form the truncus inferior. All
trunks branch into ventral and dorsal divisions soon after exiting from the interscalene triangle.

285

The ventral division of the truncus superior continues on to become the fasciculus lateralis and
does not receive any contributions from C7 in its course. The ventral division of the truncus
medius C7 extends directly into the medial head of the n. medianus without giving ventral
branches to either the fasciculus lateralis or fasciculus medialis. The ventral division of the
truncus inferior C8-T1 continues on to become the fasciculus medialis. The fasciculus posterior
is formed by the dorsal division of the combined upper roots, C4- Several terminal branches arise
from the trunks, including the n. suprascapularis (C4-6), the n pectoralis medialis et lateralis
from the medial and lateral trunks, respectively, the n. phrenicus, and the n. subclavius. All other
terminal nerves result distal to the dorsal/ventral splits.
The a. axillaris pierces the plexus brachialis between the lateral and fasciculus medialis.
The n. phrenicus is given off mainly from C6 via a combination of short rootlets but may contain
fibers from more cranial roots. The left plexus brachialis forms in a similar fashion to the right,
with no significant differences in root contribution or observable formation and distribution of
terminal nerves.

Ventral division
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. cutaneus antebrachii
lateralis, n. medianus, n. ulnaris.
-

The n. suprascapularis forms as a stout, singularly branching nerve from C5 after it
receives contributions from C4, but before it joins with C6 to become the truncus
superior. It travels laterally to the junction between the scapula and the m. supraspinatus
where it provides innervation to the muscle before passing through the fossa supraspinata
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onto the dorsal surface of the scapula. Once through the foramen, it descends caudally
toward the tip of the scapula, providing several branches to the body of the m.
infraspinatus through its deep surface.
-

The n. pectoralis medialis arises as two small branches from the ventral surface of the
ventral division of the truncus inferior (C8-T1). The nerve does not pierce the m.
pectoralis minor but travels around it to the m. pectoralis major. An ansa pectoralis is
formed with the m. pectoralis lateralis.

-

The n. pectoralis lateralis forms from the ventral surface of the ventral division of the
truncus superior, primarily from the branch of C6, but slightly distal to the junction of
C4-5. The nerve innervates the m. pectoralis major from its costal surface and sends a
branch to form the ansa pectoralis with the n. pectoralis lateralis, which in turn provides
a branch to the m. pectoralis minor. A secondary branch that does not join the ansa also
provides innervation to the deep surface of the m. pectoralis major.

-

The n. musculocutaneous is a continuation of the fasciculus lateralis, itself a combination
of the ventral divisions of C4-6. It exists as a discrete nerve that continues into the flexor
compartment of the arm, where it pierces the m. coracobrachialis. It gives off several
short branches to the flexors and continues laterally between the bellies of the m. biceps
brachii and the m. brachialis as the n. cutaneous lateralis antebrachii.

-

The n. medianus forms from two heads, a lateral head derived from a combined C4-6 and
a less distinct medial head that forms mainly as a continuation of C7 with a contribution
from C8-T1. It does not provide any innervation to the arm, but instead travels distally
through the brachial fascia into the forearm, where it passes between the heads of the m.
pronator teres. It provides innervation to the muscles of the forearm excluding the m.
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flexor carpi ulnaris and the medial half of the m. flexor digitorum profundus. In the hand
it provides innervation to the lateral two lumbricals.
-

The n. ulnaris is a continuation of the fasciculus medialis, itself a continuation of the
ventral divisions of the truncus inferior (C8-T1). Given that the nerve forms distal to a
combination with C7, it may also contain C7 fibers. It is singular in structure and runs
into the arm with the n. medianus in the brachial fascia and pierces the dorsiepitrochlaris.
It does not provide innervation in the arm. It enters the forearm through the two heads of
the flexor carpi ulnaris, to which it provides innervation. It also innervates the medial half
of the m. flexor digitorum profundus. In the hand, the n. ulnaris innervates the medial two
mm. lumbricales.

1cm

Figure 3.91. Pongo pygmaeus (HU-PO-1). Right plexus brachialis. Ventral view.
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Dorsal division
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
-

The n. thoracicus longus arises from two rootlets that form on the dorsal aspect of C5 and
C6. These rootlets combine and travel deep to the m. scalenus dorsalis to innervate the m.
serratus ventralis through its superficial surface.

-

The n. thoracodorsalis forms equally from the dorsal divisions of the combined upper
and truncus medius and the truncus inferior. As such, it is unclear what fibers it contains.
Reports from the literature suggest C8-T1, with a possible contribution of C7 as likely. It
travels directly into the costal surface of the m. latissimus dorsi.

-

The n. subscapularis superior exists as a complex of 3 thin nerves that arise from the
dorsal division of the superior cord (C4-6) before it combines with the dorsal division of
C7. These nerves travel directly to the ventral surface of the m. subscapularis.

-

The n. subscapularis inferior branches distal to the n. subscapularis superior from the
fasciculus posterior after the junction of the dorsal division of C7. It travels into the
intermuscular septum between the inferior surface of the m. subscapularis and the
superior surface of the m. teres major. Before reaching the muscle, it branches into
multiple segments, sending twigs to the inferior, ventral surface of the m. subscapularis
as well as the m. teres major. It is possible that this nerve provides innervation to both the
m. teres major (and the inferior-most segments of the m. subscapularis.

-

The n. axillaris arises from the dorsal division of the combined upper and truncus medius
slightly distal to the junction with the dorsal division of the truncus inferior and is likely
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carrying fibers from C4-7 given its point of derivation. It sends several small branches to
the m. teres major
-

The n. radialis is a continuation of the fasciculus posterior, which receives contributions
from all dorsal roots, possibly excluding C4, which provides a relatively minor segment
to the plexus. It travels into the intermuscular septum of the m. triceps brachii medial
aspect, wrapping laterally around the arm and providing several short branches to m.
triceps brachii muscle bellies. Prior to entering the septum, it provides a direct branch to
the m. dorsiepitrochlaris. It enters the forearm by piercing the m. supinator as the deep
branch of the n. radialis, where it provides innervation to all the forearm extensors.
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Figure 3.92. Pongo pygmaeus (HU-PO-1). Right plexus brachialis. Dorsal view.
Intraspecific polymorphisms of study specimens
SB-PO-1
The right plexus brachialis of SB-PO-1 is organized similarly to the study specimen,
though some polymorphisms are present. The roots contributing to the plexus are C4-8 and T1.
The ventral division of the truncus medius (C7) joins the superior segments to form the
fasciculus lateralis, rather than contributing directly to the n. medianus and being part of a
pseudo-fasciculus medialis. All distal branches form identically to the study specimen both
dorsally and ventrally. The right plexus brachialis forms similarly to the left with no major
variants on the theme outlined above.
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Figure 3.93. Pongo pygmaeus (SB-PO-1). Right plexus brachialis. Ventral view.
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1cm

Figure 3.94. Pongo pygmaeus (SB-PO-1). Right plexus brachialis. Dorsal view.
SB-PO-2
The left plexus brachialis of SB-PO-2 is organized similarly to the study specimen,
though some polymorphisms are present. The roots contributing to the plexus are C4-8 and T1,
with C4 being the smallest and C8 the largest. The truncus medius (C7) presents an early ventral
branch that joins with the fasciculus medialis, and a subsequent anterior branch that joins with
the fasciculus lateralis, thereby creating an early split of the heads of the n. medianus. In this
way, there is no true fasciculus medialis, but something closer to the condition observed in
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hylobatids where an “anterior” cord is present wrapped in a common epineurium. The junction
of the truncus inferior ventral branch distally terminates in the cutaneous nerves of the arm and
forearm after connecting to the ventral branch of C7, with the n. ulnaris splitting off the n.
medianus. The right plexus brachialis was not dissected in this specimen.

1cm

Figure 3.95. Pongo pygmaeus (SB-PO-2). Left plexus brachialis. Ventral view.
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1cm

Figure 3.96. Pongo pygmaeus (SB-PO-2). Left plexus brachialis. Dorsal view.
MS-PO-1
The left plexus brachialis of this specimen is heavily desiccated and damaged from
previous dissection. Only the roots and trunks were sufficiently preserved to make an
identification. The plexus received root contributions from C4-T1, consistent with other
specimens dissected here and reported in the literature. The overall morphology was consistent
with the designated study specimen, except for the truncus medius which sent a ventral branch to
the truncus inferior/fasciculus medius rather than the more commonly observed path where it
contributes to the fasciculus lateralis. This condition is not uncommon in Pongo and has been
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reported in Mizoguchi et al., (1967). The distal segments were not preserved. The right plexus
brachialis was too heavily dissected to glean information from.

UC-PO-1
The right plexus brachialis of UC-PO-1 conforms to the basic architecture described in
the study specimen with few differences. Its roots are C4-T1, and it forms a truncus superior
(C4-6), truncus medius (C7), and truncus inferior (C8-T1). The truncus medius joins the truncus
superior to form the fasciculus lateralis, while the truncus inferior becomes the fasciculus
medius. The fasciculus posterior does not strictly form in this specimen, as the dorsal division of
the cranial plexus segments give off the n. axillaris before a junction with the dorsal division
from the more caudal segments. A strong ansa pectoralis is formed by the pectoral nerves,
though the n. pectoralis medialis does not pierce the m. pectoralis minor. The n. subscapularis
superior is a complex of three nerves that segmentally innervate the m. subscapularis.
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1cm

Figure 3.97. Pongo pygmaeus (UC-PO-1). Right plexus brachialis. Ventral view.

297

1cm

Figure 3.98. Pongo pygmaeus (UC-PO-1. Right plexus brachialis. Dorsal view.
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1cm

Figure 3.99. Pongo pygmaeus (UC-PO-1). Right plexus brachialis, scapular musculature
reflected. Dorsal view.
UC-PO-2
This specimen was a previously dissected juvenile, where only the roots of both sides of
the plexus brachialis were preserved. Both left and right had contributions from C4-T1, with the
branch from T1 being smallest. On the left, the truncus superior was maintained, and consisted
of roots C4-6. The truncus medius appeared to be C7 on both sides but was cut too close to mm.
scalenus to make a positive identification.

UC-PO-3
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This specimen was a heavily dissected adult, but the roots of both the left and right plexus
brachialis were intact, and the trunks on the right side were preserved. Both sides showed
contributions to the plexus from C4-T1. The preserved trunks on the right side demonstrated a
truncus superior comprised of C4-6, a truncus medius of C7, and a truncus inferior of C8-T1.
The beginnings of a fasciculus lateralis are visible on the right, in which the ventral branch of C7
adds to the ventral division of the truncus superior, as is the most common condition observed
here. The beginnings of the fasciculus posterior suggest it would have formed in a true sense,
with all elements combining before the n. axillaris branched off, but this is impossible to confirm
given the state of previous damage to the specimen.

Summary
The plexus brachialis of Pongo is of a typical morphology for the hominoids, strongly
resembling the formation seen in the most common morphotypes of both Pan and Homo. It
notably has a stronger contribution from C4, which was present in all specimens observed here
(7/7 specimens, 100%), corroborating the findings of Mizoguti et al., (1967). The most
frequently observed morphology showed a well-developed truncus superior, with the
aforementioned strong C4 contribution, a truncus medius (C7), and a truncus inferior (C8-T1).
There were no noticeable trends in root thickness from cranial to caudal. The ventral division of
the truncus medius adds to the fasciculus lateralis in all but one specimen observed here (6/7).
This character trait is noted to exhibit a higher variability in Mizoguti et al., (1967), wherein the
researchers depict 3/8 plexuses in which the ventral division of the truncus medius adds a minor
contribution to the ventral branch of the truncus inferior in the formation of the fasciculus
medius, and 3/8 where it adds a significant element to the forming cord. The fasciculus posterior
generally forms in a true sense (here in 6/7 specimens), as the dorsal division of the truncus
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inferior usually contributes to the dorsal divisions of the combined truncus superior and truncus
medius prior to the branching of the n. axillaris, though it is less condensed than the condition
observed in Pan and Homo. Mizoguti et al., (1967) illustrate a true fasciculus posterior in 50%
of their specimens.

Notes
Bolk (1902) describes the plexus brachialis of Pongo as arising from C5-T2, contrary to
the results of the dissections conducted for this thesis. He notes that the m. rhomboideus receive
innervation from C5 via the n. dorsalis scapulae, the m. levator scapulae from C4-5, and the m.
serratus anterior from C5-7. The general formation described and depicted in his illustrations
broadly conform to the patterns described in the specimens detailed above.
Sonntag (1924) observed a root contribution number of C4-T2, though he reports
connections from C4 and T2 as “filaments” rather than true connections, with the implication
that these are not significantly adding to the axonal distribution of the plexus. Interestingly his
specimen does not present a truncus superior, but rather exhibits an early dorsal/ventral split He
describes the other trunks, cords, and distal terminal nerves as forming normally according to the
structure described above.
Miller (1934) describes the orang plexus brachialis as resembling that of an Old-World
Monkey, primarily as a result of a root contribution from T2, a condition not commonly noted by
researchers, and to my knowledge, not reported elsewhere in the literature. Harris (1939)
suggests that the orang BP is pre-fixed, usually receiving a well sized contribution from C4.
Mizoguti et al., (1967) describe the plexus brachialis formation in four specimens of
Pongo, dissected on both sides for a total of eight plexuses. In 6/8 cases, C4 was the most cranial
nerve contribution, and in all eight cases, T1 was the most caudal. Three trunks were observed in
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all specimens with a most common formation of the truncus superior from C4-6, the truncus
medius from C7 alone, and the truncus inferior from C8-T1. The fasciculus lateralis was
observed to commonly exhibit variations in the formation of the n. musculocutaneous and the m.
medianus. Gibbs (1999) found no information on the route or origin of the n. dorsalis scapulae
in Pongo. Gibbs (1999) also reports no findings of roots or anatomy for the n. thoracodorsalis in
Pongo.
Kawashima et al., (2007) indirectly addresses the morphology of the plexus brachialis in
the orangutan in a paper primarily focused on determining the innervation of the m.
coracobrachialis. In their specimen, the fasciculus medialis and fasciculus posterior appeared to
be fused but were simply combined in a single epineurium sheath with independently routing
axonal fibers. This condition is not commonly reported in the literature and may represent an
idiosyncratic variation.
Kawashima and Sato (2012) bilaterally illustrate (but do not describe) the plexus
brachialis of an adult Pongo pygmaeus (pygmaeus) in concert with the cervical plexus and
surrounding soft tissues. They depict it as forming in the interscalene space and being comprised
of fibers from C4-T1. The contribution from C4 is strong on both sides, though larger on the
right. C4-6 form the truncus superior, C7 alone forms the middle, and C8-T1 form the lower.
The cords are shown to form normally, with ventral divisions of C4-7 making up the fasciculus
lateralis on the left (there is no ventral division of C7 visible on the right), ventral divisions of
C8-T1 making up the fasciculus medialis, and dorsal divisions from all root levels making up the
fasciculus posterior. Distal nerve patterning is not depicted beyond the junction of the medial
and fasciculus lateralis as they form the medial and lateral heads of the n. medianus. The a.
axillaris path into the arm is not shown.
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Kawashima and Sato (2012) additionally illustrate (but do not describe) the right plexus
brachialis of an infant Pongo pygmaeus (pygmaeus) in concert with the cervical plexus and
surrounding soft tissues. They depict it as forming in the interscalene space, and being comprised
of fibers from C4-T1, the contribution from C4 being significant in size. C4-6 form the truncus
superior, C7 alone forms the middle, and C8-T1 form the lower. The cords form normally, with
ventral divisions of C4-7 making up the fasciculus lateralis, ventral divisions of C8-T1 making
up the fasciculus medialis, and dorsal divisions from all root levels making up the fasciculus
posterior. Distal nerve patterning is not depicted beyond the junction of the medial and
fasciculus lateralis as they form the medial and lateral heads of the n. medianus. The a. axillaris
passes between the cords to lie ventral to the fasciculus posterior.
______________________________________________________________________________
3.4.25. Saguinus oedipus
Number of specimens
n=3, np=4
Specimen list
HU-SO-1, HU-SO-2, UIUC-SO-1
Designated descriptive specimen
HU-SO-1
Descriptive anatomy for designated specimen
The left plexus brachialis of HU-SO-1 converges in the interscalene triangle, between the
anterior scalene and middle scalene muscles from spinal roots C5-T1. No contributions from C4
or T2 were observed in this specimen. C5-6 converge into the truncus superior, C7 alone forms
the truncus medius, and C8-T1 form the truncus inferior. All trunks branch into ventral and
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dorsal divisions soon after exiting from the interscalene triangle except for C5, which appears to
be primarily dorsal in its positioning. Several terminal branches arise from the trunks, including
the n. suprascapularis (C5-6), the n pectoralis medialis et lateralis from the medial and lateral
trunks, respectively, the n. phrenicus, and the n. subclavius. All other terminal nerves result
distal to the dorsal/ventral splits. A notably distinct characteristic present in Saguinus (and some
of the other small platyrrhines studied here) is the near vertical nerve junction between the upper
and intermediate cords on the posterior aspect of the plexus brachialis. In Saguinus and others,
this junction gives off all the subscapular nerves before the connection with the truncus inferior,
thereby limiting the possible root contributions of these nerves. There is generally more
separation in the anterior and posterior divisions of these nerve trunks and cords as opposed to
the condition seen in many other primates.
The n. phrenicus forms via a distal contribution from the cervical plexus joining with a
small branch of the plexus brachialis (C5). It travels superficial to the anterior scalene muscle,
were it descends into the thoracic cavity to innervate the diaphragm. The n. dorsalis scapulae
was not observed in this specimen. The right plexus brachialis was not dissected in this
specimen.

Ventral division
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. cutaneus antebrachii
lateralis, n. medianus, n. ulnaris.
-

The n. suprascapularis (C5-6) arises immediately after the plexus brachialis emerges
from the intermuscular septum of the interscalene triangle and is the first branch given off
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the truncus superior. It is single in origin and distribution, with no auxiliary branches
arising throughout its course. The nerve travels laterally through the incisura scapulae to
innervate the m. supraspinatus through its deep surface. The nerve continues through the
incisura spinoglenoid to innervate the m. infraspinatus through its deep surface. The
nerve terminates in the m. infraspinatus.
-

The n. pectoralis medialis (C8-T1) forms from combined fiber contributions of C8 and
T1 on the ventral surface just distal to the combination of these roots, but as the truncus
inferior nerves never completely integrate into a single nerve bundle, each portion is
visible. This nerve forms an ansa pectoralis with the n. pectoralis lateralis before
coursing directly into the m. pectoralis major where it supplies this muscle from its
lateral border. Several terminal nerve branches are given off into the muscle where they
terminate. Branches are also sent from the medial aspect of the ansa to the m. pectoralis
minor.

-

The n. pectoralis lateralis (C7) forms at the lateral border of the interscalene triangle,
mostly from C7, where it proceeds into the lateral border of the m. pectoralis major after
receiving a communicating branch from the n. pectoralis medialis. The ansa pectoralis
formed by these nerves integrate the functional fibers of the two pectoral branches. Both
this nerve and the n. pectoralis medialis innervate both pectoral muscles.

-

The n. musculocutaneous (C5-7) receives fiber contributions from the superior and
truncus medius and branches off the lateral head of the n. medianus to pierce the
coracobrachialis. This nerve is single in origin and does not bifurcate before entering the
m. coracobrachialis. The n. musculocutaneous provides motor innervation to the flexor
compartment of the arm through several branches.
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-

The n. medianus (C5-T1) arises from the ventral fibers of all plexus brachialis roots. The
medial head of the median nerve branches off from the n. ulnaris, where that nerve
separates itself from the distal combination of C8-T1. The lateral head receives fibers
from C5-7, arising as the n. musculocutaneous branches off into the m. coracobrachialis.
This nerve continues distally into the forearm through the entepicondylar foramen to
innervate the majority of the forearm flexors excepting the m. flexor carpi ulnaris and the
medial half of the m. flexor digitorum profundus. It provides innervation to the thenar
muscles and the lateral two lumbricals.

-

The n. ulnaris (C8-T1) branches off the inferior cord as the same point as the medial head
of the n. medianus. It appears to mainly receive its axonal mass through T1, though
because of a proximal connection to C8 before the n. medianus medial head branches off,
and a junction with the dorsal branch of C5-7 via the fasciculus posterior, it is possible
that the n. ulnaris contains fibers from roots cranial to C8. The nerve continues into the
forearm through the fossa cubitalis, where it provides motor innervation to the m. flexor
carpi ulnaris and the ulnar half of the m. flexor digitorum profundus. It continues on to
provide innervation to the intrinsic muscles of the hand via its deep branch, excepting the
lateral two lumbricals and the muscles of the thenar complex.
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1cm

Figure 3.100. Saguinus oedipus (HU-SO-1). Left plexus brachialis. Ventral view.
Dorsal division
The major non-cutaneous nerves of the dorsal division of the plexus brachialis are: n.
thoracicus longus, thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n.
axillaris, and n. radialis,
-

The n. thoracicus longus takes its roots from the posterior aspects of C6-C8 within the
space of the interscalene triangle. This nerve exits around the posterior-lateral edge of the
posterior scalene. No nerve roots pierce the m. scalenus medius.
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-

The n. thoracodorsalis arises proximally, taking its roots from the posterior aspect of C8
and T1 before they converge, but appears to main arise from C8. This nerve is single in
its distribution and innervates the m. latissimus dorsi through the muscle’s deep surface.

-

The n. subscapularis superior is a four-part nerve complex, in which all four small, thin
nerves arise from the dorsal aspect of the connection between the superior and truncus
medius (C5-6). In Saguinus, these nerves segmentally innervate the m. subscapularis
from cranial to caudal, with the most superior nerve innervating the top portion of the
muscle, the most inferior nerve innervating the lowest portion of the muscle before the n.
subscapularis inferior inserts into the intermuscular septum between the m. subscapularis
and the m. teres major. The two intermediate nerves occupy the space between the upper
and lower-most nerves.

-

The n. subscapularis inferior has two heads of origin: the superior branch is received
form the dorsal branch of C6 that the four n. subscapularis superior branches also arise
from, and the inferior branch is directly from the dorsal division of C7. This nerve does
not directly pierce m. subscapularis, but rather inserts between the bellies of m.
subscapularis and m. teres major. No fibers appear to be traveling to m. subscapularis
proper.

-

The n. axillaris is a continuation of the dorsal divisions of C5-6 and C7 that forms
separately from the fasciculus posterior at the junction points of these three nerve
bundles. It travels laterally into the foramen humerotricipitale where it branches into an
anterior branch that supplies the anterior portion of the m. deltoideus with motor
innervation, and a posterior branch that sends fibers to the dorsal aspect of the m.
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deltoideus, as well as the m. teres minor. No motor branches were observed interacting
with the m. triceps brachii caput longum, as suggested by de Seze et al., (2004).
-

The n. radialis forms primarily as a continuation of the dorsal branch of C8 after its
junction with T1, and therefore likely contains fibers from both nerve roots. A significant
juncture with C7 also likely provides fibers from this root, and as the two form the
fasciculus posterior distal to the junction between C7 and C5-6, there is a possibility that
all root fibers of the plexus brachialis are contained within this nerve. The dorsal aspect
of the n. radialis gives rise to a single fiber that innervates the m. dorsiepitrochlaris. Prior
to entering the arm through the triceps hiatus, it branches to provide motor innervation to
the m. triceps brachii caput longum.

1cm

Figure 3.101. Saguinus oedipus (HU-SO-1) left plexus brachialis. Dorsal view.
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Intraspecific polymorphisms of study specimens
HU-SO-2
The left plexus brachialis of HU-SO-2 conforms to the general morphology of the
designated study specimen. The root contributions are C5-T1, with a relatively minor
contribution from C5, which primarily adds its axons to the n. suprascapularis. No true
fasciculus posterior is formed, as the dorsal divisions of the truncus superior and truncus medius
are joined by the truncus inferior distal to the derivation of the n. axillaris. As with the study
specimen, a strong ansa pectoralis is formed with several supplemental pectoral nerves that
innervate the m. pectoralis major and m. pectoralis minor. A correspondingly large number of
nerves from the n. subscapularis superior complex (4) arise from the dorsal aspect of the plexus
to segmentally innervate the m. subscapularis in its entirety. The n. subscapularis inferior
exclusively innervates the m. teres major. As in the study specimen, a strong association between
the n. medianus and the n. ulnaris, whereby the nerves only begin to separate at a relatively distal
point after the branching of a short medial head for the n. medianus off the fasciculus medialis.
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1cm

Figure 3.102. Saguinus oedipus (HU-SO-2). Left plexus brachialis. Dorsal view.
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1cm

Figure 3.103. Saguinus oedipus (HU-SO-2). Left plexus brachialis. Dorsal view.
UIUC-SO-1
The left plexus brachialis of UIUC-SO-1 generally conforms to the type described in the
study specimen. The roots of the plexus are C5-T1, with C5 mostly contributing to the n.
suprascapularis, and not adding significantly to the more caudal aspects of the plexus. As in the
other specimens of Saguinus dissected here, the n. medianus and n. ulnaris are strongly
associated in their derivation, size, and route of travel in the arm, and only branch apart to a
significant degree when entering the arm. Also, as in the other specimens, the n. radialis derives
primarily from the most caudal aspects of the plexus (C8-T1), while receiving only minor
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contributions in terms of mass from the upper segments. The right plexus brachialis forms
similarly to the left, with no major derivation from the discussed pattern.

1cm

Figure 3.104. Saguinus oedipus (UIUC-SO-1). Left plexus brachialis. Ventral view.
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1cm

Figure 3.105. Saguinus oedipus (UIUC-SO-1). Left plexus brachialis. Dorsal view.
Summary
The plexus brachialis in Saguinus oedipus is most typically derived from C5-T1 (4/4
plexuses), though C5 consistently adds its axons mainly to the n. suprascapularis rather than the
entirety of the plexus. These roots combined to form three trunks (truncus superior C5-6;
truncus medius, C7; truncus inferior, C8-T1), which in turn form two true cords (fasciculus
lateralis and fasciculus medialis) and one pseudo-cord (fasciculus posterior), which does not
receive dorsal contributions from all trunks before the derivation of the n. axillaris in any
specimen observed here. All specimens exhibited a larger than average number of n.
subscapularis superior elements at 4, contrary to the usually observed primate condition of 2-3.
The lack of a significant contribution from C5, and the tendency for a close pairing of the n.
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medianus and n. ulnaris in both size and route of travel into the arm give the plexus a markedly
post-fixed appearance, despite receiving no contributions from T2 in any of the specimens
dissected here. This morphology is somewhat different from the typical pattern seen in
platyrrhine primates, which generally appear neutrally-fixed (i.e., not pre-or post-fixed).

Notes
Kawashima et al., (2009) illustrates the plexus brachialis of Saguinus oedipus in concert
with the plexus cervicalis and other associated soft tissues. The researchers depict (but do not
describe) the plexus as having contributions from C5-T1 bilaterally. The n. phrenicus is depicted
as arising from C4-5 and is the only connection between the cervical and plexus brachialis. C5-6
form a truncus superior that gives off a dorsal and ventral division. C7 forms a truncus medius
that gives off dorsal and ventral divisions. C8-T1 (with a very small contribution from T2 shown
on the left side) form a truncus inferior that gives off dorsal and ventral division. The depicted
plexuses are somewhat asymmetrical in the diagram, with the n. musculocutaneous deriving
fibers from C5-7 on the right, and C5-6 on the left, and with the right a. axillaris passing deep to
the fasciculus medialis, while on the left the a. axillaris passes superficial to the fasciculus
medialis but deep to the fasciculus lateralis. Several extra bifurcations are noted in the truncus
superior.
______________________________________________________________________________
3.4.26. Saimiri sciureus
Number of specimens
n=1, np= 1
Specimen list
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MS-SS-1
Designated descriptive specimen
MS-SS-1
Descriptive anatomy for designated specimen
The left plexus brachialis of Saimiri sciureus (MS-SS-1) forms in the interscalene
triangle in three distinct, broadly separated trunks, with no connection to the cervical plexus
other than through a single branch of the n. phrenicus that joins with a rootlet from the plexus
brachialis. C5-6 combine into the truncus plexus superior brachialis. The truncus medius is
formed by C7 alone, which gives off a ventral branch to form the n. musculocutaneous and
lateral head of the n. medianus, and a dorsal branch which contributes to a pseudo-fasciculus
posterior. No proper fasciculus lateralis is formed, only a minimal junction of the truncus
superior and truncus medius, which immediately bifurcate into the n. musculocutaneous and n.
medianus lateral head. C8-T1 combine to form the truncus inferior, which persists for a short
while before first giving off a dorsal branch to the fasciculus posterior, and a ventral branch that
bifurcates to become first the medial head of the n. medianus and then the n. ulnaris. The n.
phrenicus arises from two anomalous connection. The superior branch descends from the n.
subclavius and from a second, inferior branch descends from the n. pectoralis lateralis. The n.
dorsalis scapulae arises from C5 alone, and immediately pierces the m. scalenus medius
posteriorly to innervate the m. levator scapulae and m. rhomboideus complex. The right plexus
brachialis forms somewhat more typically, with a fascicularis lateralis forming of the combined
truncus superior and the ventral division of the truncus medius. A pseudo-fasciculus posterior is
formed on the right as on the left. C5 gives a substantially smaller contribution on the right,
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whereby it does not appear to contribute any axonal fibers to the caudal plexus elements but is
rather joined by the ventral division of C6 to form the n. suprascapularis.
Ventral nerves
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. cutaneus antebrachii
lateralis, n. medianus, n. ulnaris.
-

The n. suprascapularis is primarily derived from the ventral branch of C5, though as the
epineurium combines with C6, it is possible some ventral fibers from the more cranial
root extent into the terminal nerve. This nerve travels laterally, deep to the belly of the
humeral tendon of the m. supraspinatus, where it provides innervation via several twigs
before traveling further distally to the incisura scapulae. There it continues on to
innervate the m. infraspinatus.

-

The n. pectoralis medialis does not exist in a strict sense, as there is a single pectoral
nerve that innervates the m. pectoralis major and m. pectoralis minor. It arises from the
ventral aspect of the combined C5-6 truncus superior

-

The n. pectoralis lateralis does not strictly exist for this specimen. See above definition
for n. pectoralis medialis.

-

The n. musculocutaneous arises just distal to the connection point of the truncus superior
(C5-6) and the truncus medialis plexus brachialis (C7). It splits into a large and a smaller
segment near where it enters the flexor compartment of the arm.

-

The n. medianus forms primarily from an extension of the truncus medius distal to where
it receives a connection from the truncus superior. A small connection from the truncus
inferior, adding fibers from C8-T1.
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-

The n. ulnaris is primarily a continuation of the truncus inferior, likely receiving fibers
from C8-T1 only, as no other connections from more cranial roots were presented.

1cm

Figure 3.106. Saimiri sciureus (MS-SS-1). Left plexus brachialis. Ventral view.
Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
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-

The n. thoracicus longus arises from three rootlets off the dorsal portion of C6, C7, and
C8. These combine distally, after the upper two pierce the m. scalenus ventralis and m.
scalenus medius. These rootlets join together distal to the first rib and continue along the
body wall to innervate the m. serratus anterior from its superficial surface.

-

The n. thoracodorsalis forms from the n. radialis and inserts into the deep portion of the
m. latissimus dorsi. It is likely comprised of roots from the inferior aspects of the plexus
brachialis due to its placement (C7-T1).

-

The n. subscapularis superior arises as a complex of two branches that form from the
dorsal division of the truncus superior (C5-6) and segmentally innervate the superior and
middle portions of the m. subscapularis.

-

The n. subscapularis inferior branches from the combined dorsal divisions of the truncus
superior and truncus medius and has a shared point of origin with the n. axillaris. The n.
subscapularis inferior branches form the n. axillaris at a distal point along their route,
near the ventral belly of the m. teres major, for which it provides the sole innervation.

-

The n. axillaris arises from the dorsal division of the truncus superior near to its junction
with the dorsal division of the truncus medius, and likely contains fibers from C5-7. This
nerve shares a common origin with the n. subscapularis inferior, which branches from
the n. axillaris distally.

-

The n. radialis forms from the junction of the dorsal divisions of the truncus plexus
superior brachialis and the truncus medius where they combine with the dorsal division
of the truncus inferior. All root fibers likely contribute to this nerve. Along its route, it
gives off the n. thoracodorsalis, and a small branch to the m. dorsiepitrochlaris. The n.
radialis continues on to innervate the extensor compartment of the arm and forearm.
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1cm

Figure 3.107. Saimiri sciureus (MS-SS-1). Left plexus brachialis. Dorsal view.
Intraspecific polymorphisms of study specimens
There were no other specimens of Saimiri sciureus available for this study.

Summary
The plexus brachialis of Saimiri sciureus (only observed in one specimen here) presents
with root contributions from C5-T1, with no visible additions from C4 or T2. The contribution
from C5 is notably small, and it primarily contributes to the n. suprascapularis rather than the
caudal elements of the plexus. This minimal contribution does not allow for the classification of
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the upper plexus elements as a true truncus superior. The truncus medius (C7) and the truncus
inferior (C8-T1) both form as is typically observed in primates, and branch into dorsal and
ventral divisions. These divisions form only one trunk consistently (fasciculus medialis), while
the fasciculus lateralis does not form identically on both sides. The fasciculus posterior does not
truly exist, as the dorsal elements join together only after the derivation of the n. axillaris. The
dorsal aspect of the plexus is notable for only having two nerves in the n. subscapularis superior
complex.

Notes
Bolk (1902) describes the plexus brachialis of Saimiri (using the invalid junior synonym
Chrysothrix) as receiving innervation from C5-T1, with a small supplemental branch from T2.
The researcher does not note any connection between the plexus brachial and plexus cervicalis
excepting the connection of a rootlet from C4 with a rootlet from C5 that forms the n. phrenicus
Saimiri receives innervation to the m. rhomboideus from C4-5, m. levator scapulae from C4-5,
and m. serratus anterior from C5-7.
In the largest anatomical study of the taxon, Mizuno (1969) described the plexus
brachialis from 17 male and 20 female (n=37) squirrel monkeys (Saimiri sciureus) to determine
the composition and most common type of nerve patterning. This article describes the plexus as
being broadly similar to that of the most common type in Homo sapiens, with the total root count
running from C5-T1, with rare, minor contributions from T2. The researcher describes the plexus
as dividing into anterior and posterior segments. Notes about variation are provided, and some
common polymorphisms such as aberrant connecting branches, a separated n. musculocutaneous
similar to the morphology exhibited in hylobatids, and a long lateral root of the n. medianus are
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reported as occurring “frequently”, but no statistical data on relative frequency is provided.
Mizuno (1969) notes that C7 or C8 are generally the largest, while C5 is the smallest and is
sometimes absent altogether. T2 is noted to contribute at a rate of around 15%, and no
contribution from C4 is reported, leading the researcher to describe the most commonly observed
plexus formation as “post-fixed”.
Kawashima et al., (2009) illustrates the plexus brachialis of Saimiri sciureus in concert
with the cervical plexus and other associated soft tissues. The researchers depict (but do not
describe) the plexus as having contributions from C5-T1 bilaterally. The n. phrenicus is depicted
as arising from C4-6 and is the only connection between the plexus cervicalis and plexus
brachialis. C5-6 form a truncus superior that gives off a dorsal and ventral division at the same
point, terminating the trunk. C7 forms a truncus medius that gives off dorsal and ventral
divisions. C8-T1 form a truncus inferior that gives off dorsal and ventral division. The overall
structure of the plexus brachialis depicted here is simple, with the only notable characteristic
being the absence of a true fasciculus lateralis on both sides. The ventral divisions of the upper
and truncus medius join distally, coming together in a single point with the ventral division of
the fasciculus medialis.
Araujo et al., (2012) describe the plexus brachialis of four Saimiri sciureus as containing
fibers from C4-C8 and T1, contrary to the description of Mizuno (1969), who suggested no
contribution from C4, and a rare contribution from C5 that the researcher describes as only
contributing to the dorsal division where present.
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______________________________________________________________________________
3.4.27. Symphalangus syndactylus
Number of specimens
n=1, np=1
Specimen list
AU-SY-1
Designated descriptive specimen
AU-SY-1 (ZIMS-17139)
Descriptive anatomy for designated Symphalangus syndactylus
The left plexus brachialis of AU-SY-1 converges in the interscalene triangle, between the
m. scalenus anterior and m. scalenus medius. The plexus brachialis comprised of nerve roots C5,
C6, C7, C8, and T1. No contribution from either C4 or T2 were noted. The formation of these
roots does not form the typical three trunks (truncus superior, truncus medius, and truncus
inferior) seen in humans and most other primates. Instead, C5, C6 form a truncus superior, C7
forms a very short truncus medius, and C8 alone form the truncus inferior, with T1 joining
further distally to form terminal nerves. The truncus inferior only coalesces far distal to the other
trunks and could be argued to represent independent structure that does not conform to the
definition used for trunks in the plexus brachialis; that is, C5-7 could be considered the truncus
superior, C8 the truncus medius, and T1 the truncus inferior. The truncus superior begins to
form within the intermuscular space between the m. scalenus anterior and m. scalenus medianus.
Upon exiting this space, the nerves quickly separate into dorsal and ventral aspects. The
combined dorsal divisions of the truncus superior and truncus medius are joined by a
contribution from C8, which forms the fasciculus posterior, but it lacks a contribution from T1,
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which only joins with the n. radialis and the n. medianus further distally along the plexus. The
short truncus medius is not typical, as C7 joins the inferior aspect of C5-6 rapidly after exiting its
intervertebral foramen. The fasciculus lateralis is formed by C5-7 and continues to become a
segment of the n. musculocutaneous and the n. pectoralis (eventually combined medial and
lateral heads). C8 joins this truncus superior via a minor junction in the epineurium, and largely
sends its axonal mass into the fasciculus medialis to eventually become the n. ulnaris. The
truncus inferior is comprised entirely of T1, which joins with C8 far outside the intermuscular
septum of the m. scalenus. It gives off a small nerve from its ventral surface that runs along the
surface of the m. biceps brachii, likely homology to the n. cutaneous medialis antebrachii. T1
appears to join almost entirely with a branch from C8 to form the medial head of the n. medianus
but may contribute some fibers to the m. ulnaris as well.
The n. phrenicus arises from the anterior portion of the root of C5 and receives a
contribution from C6 (and possibly C7, although the junction point appears to be angled
perpendicular to the axons arising from this root, making its contribution questionable) before
descending superficial to the m. scalenus anterior to pass into the thoracic cavity. There was no
evidence of a contribution from the plexus cervicalis to the n. phrenicus.
Ventral nerves
The major nerves of the ventral division of the plexus brachialis are: n. suprascapularis,
n. pectoralis medialis, n. pectoralis lateralis, n. musculocutaneous, n. medianus, n. ulnaris.
-

The n. suprascapularis (C5-6) branches off the superior aspect of the truncus superior
just distal to the medial scalene, where it crosses the posterior triangle of the neck. It
travels under the supraglenoid notch to innervate the m. infraspinatus in the fossa
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infrapsinata. Both the m. supraspinatus and the m. infraspinatus are innervated by the n.
suprascapularis through their ventral surfaces.
-

The n. pectoralis medialis (C7) arises solely from the body of C7 on the superficial
surface of the branch that becomes the lateral head of the n. medianus, although it may
contain fibers from C5-6 as it branches off just slightly after the upper nerves join to form
the truncus superior. This nerve does not have an independent termination, as it fuses
with the n. pectoralis medialis into a single pectoral nerve. In this specimen, there was no
evidence of n. pectoralis medialis piercing the m. pectoralis minor.

-

The n. pectoralis lateralis (C8) arises solely from C8, but does not have an independent
termination, as it fuses with the n. pectoralis lateralis into a single pectoral nerve. Along
with the combined n. pectoralis medialis this nerve passes deep to the m. pectoralis
minor

-

The n. musculocutaneous (C5-8) does not exist as a discrete extension of the fasciculus
lateralis in the manner observed in other apes. Instead it is a series of miniscule nerves
that arise from the combined superior cord (C5-7) after the junction with C8. Two small
branches from the superior border of the lateral head of the n. medianus are joined by a
branch from the fasciculus posterior before it gives off the n. axillaris. The lateral fibers
combine and insert into the m. coracobrachialis, and the medial fibers directly innervate
the m. biceps brachii.

-

The n. medianus (C5-T1) is comprised of all ventral roots, with a lateral head arising
from C5-C7, and a medial head from C8-T1, although the medial head arises distally
along the fasciculus medialis.
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-

The n. ulnaris does branch off a common point with the medial head of the n. medianus,
but rather continues with the n. medianus into the arm in a common epineural sheath,
only branching near the forearm. Because of this close association, it is unclear which
roots provide axonal contributions to this nerve, though it is likely derived from the
inferior aspect of the plexus as in other hylobatids (See Hylobates sp. descriptions above
for comparison).

1cm

Figure 3.108. Symphalangus syndactylus (AU-SY-1). Left plexus brachialis. Ventral view.
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Dorsal nerves
The major nerves of the dorsal division of the plexus brachialis are: n. thoracicus longus,
thoracodorsalis, n. subscapularis superior and n. subscapularis inferior, n. axillaris, and n.
radialis,
-

The n. thoracicus longus arises from the dorsal surfaces of C5-7 as rootlets that combine
and travel distally to innervate the m. serratus anterior through its ventral surface.

-

The n. thoracodorsalis (C7-T1) branches from the caudal portion of the fasciculus
posterior before the n. axillaris splits off from the n. radialis. It exists as a single branch
that innervates the m. latissimus dorsi through its deep surface.

-

The n. subscapularis superior was not observed in this specimen.

-

The n. subscapularis inferior was not observed in this specimen.

-

The n. axillaris branches directly off the fascicularis posterior plexus brachialis as it
splits into the n. radialis. The n. axillaris runs through the foramen
humerotricipitale/quadrangular space to innervate the m. deltoideus from that muscle’s
deep surface. A dorsal branch wraps around to innervate m. teres minor.

-

The n. radialis is a continuation of the fasciculus posterior, and it receives contributions
from all spinal roots, with the notable exception of T1, which appears to combine with
the inferior cord at the formation of the medial head of the n. medianus.

Intraspecific polymorphisms of study specimens
AU-SY-1 was the only specimen of Symphalangus syndactylus available for this study.
All possible polymorphism information is therefore gleaned from the literature.
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Summary
The plexus brachialis of the Symphalangus syndactylus specimen available here
corroborates that described in the literature, with a root formation of C5-T1, and no contributions
from C4 or T2. It from the morphology typically exhibited by the Hylobates sp. specimens
observed here, with thick, condensed cranial roots that combine after a short distance into a
fasciculus lateralis and fasciculus dorsalis. This specimen lacks a true fasciculus medialis and
has an independently branching ventral T1 segment. The nerves in the n. musculocutaneous
complex form in a complex rather than a single nerve that supplies the anterior compartment of
the arm.

Notes
Köhlbrugge (1890) describes finding the following nerve formations in Symphalangus: n.
dorsalis scapulae (to m. rhomboideus) arises from C5 but does not receive a branch from C4 as
seen in Hylobates. He notes that the n. subclavius arises from C6. His overall diagnosis is that
the contributing nerves are C5-T1.
Koizumi (1980) dissected the plexus brachialis of four Symphalangus syndactylus on
both sides (total of eight plexuses). The researcher reports that the root contributions are C5-T1
in 7/8 sides, with one side of one specimen having an additional contribution from T2. Some
variations are noted in the trunks of two specimens. In one side of specimen 8 and both sides of
specimen 9, C5 and C6 divide into ventral and dorsal branches before combining to form the
truncus superior. Their ventral divisions and dorsal divisions combine (ventral C5-6 combine;
dorsal C5-6 combine) separately to form two “truncus superiors”. This premature division of the
upper segments does not affect the rest of the plexus, and the more caudal roots form as usual for
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this taxon. The condition listed above is observed in two other of his Hylobates lar specimens.
Unlike in the other gibbons, three of the four Symphalangus specimens dissected by the
researcher do not form a true fasciculus posterior (a condition also noted in the specimen
dissected for this dissertation).
Koizuimi and Sakai (1995) dissected the plexus brachialis of three Hylobates agilis and
one specimen of Symphalangus syndactylus. They depict the plexus brachialis of the
Symphalangus specimen with a truncus superior composed of C5-7, and a truncus inferior of
C8-T1, but no true truncus medius. Their illustrated plexus brachialis shows C7 joining the
fasciculus lateralis (C5-6) through a bundle of epineurium and some mixture of fibers from the
two trunks/cords, and distally contributing fibers to the fasciculus lateralis.

329

Chapter 4 – Comparative analyses of the primate brachial plexus in an evolutionary
framework
4.1. Abstract
The brachial plexus is the primary conduit for neural impulses of the forelimb and has
been previously hypothesized to vary in its morphology among different tetrapod clades from
simple to complex, in a pattern that mirrors evolutionary complexity (Harris, 1939). However,
claims regarding the morphology and evolution of this structure have never been evaluated in a
systematic framework using modern phylogenetic methods, despite a long history of descriptive
study. A lack of rigorous hypothesis testing represents a clear gap toward understanding soft
tissue evolution in the brachial plexus, the peripheral nervous system, related (muscular)
structures, and of the forelimb as a complex unit of locomotion. It is currently unknown if the
neural structures of the forelimb reflect locomotor specialization along with bone and muscle. It
is also unknown whether neural structures in general are subject to neutral/stochastic forces of
evolution, if they are evolutionarily constrained in their current observable forms due to
phylogenetic inertia, or are under directional, stabilizing, or disruptive selection. As neural
impulses are required for any form of locomotion in tetrapods, and therefore survival and
reproduction in a complex environment, the route and structure by which said impulses are
conducted from the brain to the target structure may be expected to mirror changes in
musculature (gain, loss, or modification), locomotor adaptations, or may simply present slight
variations on a general theme of the tetrapod bauplan due to strong phylogenetic inertia. The
primary goals of this study are to understand if the characters derived from the brachial plexus
(and its interaction with muscle and nerve) preserve phylogenetic information, and to understand
how the primate brachial plexus has evolved towards the morphology observed in modern taxa.
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I here present a study evaluating the brachial plexus in primates, a speciose order of
mammals that diverged from a common Euarchontan ancestor approximately 70-80MA based on
recent molecular divergence dates (e.g., Pozzi et al., 2014; Springer et al., 2017). Primates
represent an excellent clade with which to study limb evolution, as they exhibit marked
locomotor diversity both within and among subclades, with multiple instances of convergence on
terrestrial and suspensory behaviors (e.g., Pilbeam et al., 1990). Primates present variable
degrees and types of fore-and hindlimb specialization, and perhaps most importantly, have wellaccepted phylogenetic hypotheses to evaluate findings against. I evaluate the frequency of
brachial plexus differences within and among primate clades via a series of primary dissections
of 20 genera (79 specimens, 123 plexuses) and a review of the literature to demonstrate the most
commonly observed morphologies and polymorphisms. Based on these observations, I present a
character matrix of the brachial plexus morphology and evaluate its stability, variation, and
evolutionary trajectory across all major primate families and several non-primate mammals.
I demonstrate that neural characters can recover some commonly regarded clades (e.g.,
Hominoidea, Pan-Homo sister group), but are unable to accurately reconstruct a phylogenetic
tree that fully matches the commonly accepted primate phylogeny. When mapped onto a widely
accepted phylogenetic tree, the characters described here demonstrate a primitive retention of
caudal nerve roots (T2) in high frequency that is independently lost in both Platyrrhini and
Hominoidea but retained in Strepsirrhini and Cercopithecoidea. The apes are unique among
primates in their high frequency of C4 contribution, a characteristic long noted by researchers
(e.g., Miller, 1934; Harris, 1939). Hylobatids exhibit the most unambiguous change of the taxa
observed here, suggesting the clade has undergone significant peripheral nervous system
evolution of the forelimb after the split from the great apes. Relatively few changes are recovered
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on the lineage to the Pan + Homo clade, but Homo exhibits a far greater number of unambiguous
autapomorphies than Pan, including a reduction in C4 contribution frequency suggestive of
several forelimb specializations unique to the human lineage.

Keywords
Brachial plexus; primate evolution; primate locomotion; systematics; soft tissue

4.2. Introduction
The brachial plexus is an anatomical structure of the peripheral nervous system anchored
around the cervico-thoracic vertebral transition that has received much scholarly attention in
vertebrates due to its complexity and its important role in tetrapod locomotion as the primary
source of neural integration for the forelimb. As such, the brachial plexus has been grossly
described in many seminal anatomical works of the 19th and 20th centuries for taxa as diverse as
the giant Japanese salamander Cryptobranchus japonicas (Humphry, 1871) to the now-extinct
Thylacine (Cunningham, 1878) and the African elephant (Kusakabe et al., 1965a). It has also
been a popular topic of comparative anatomy publications through to the present (e.g., Koizumi
and Saki, 1997; Cooper et al., 2007; Backus et al., 2015; Emura et al., 2017). Several major
descriptive volumes have been written on its form and integration with the pectoral and forelimb
musculature in tetrapods (e.g., Cunningham, 1878; Ryder, 1887; Miller, 1932, 1934; Harris,
1939), all with the general goal of understanding the diversity and evolutionary trends of this
structure when considered in the context of vertebrate limb evolution. The brachial plexus has
continued to be a source of anatomical curiosity for modern researchers, particularly those
interested in mammals, who have added various orders of Mammalia to the existing literature
(e.g., Kusakabe et al., 1965a; Fioretto et al., 2003; Yoshitomi et al., 2004; Melo et al., 2007;
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Endo et al., 2009; Yoshitomi et al., 2012; Souza et al., 2014; Demiraslan et al., 2015; Backus et
al., 2015). Research on the development of the peripheral nervous system has established that the
morphology and organization of the motorneurons involved in forelimb locomotion likely share
deep evolutionary roots, and that as a whole, the regulatory mechanisms involved in limb
innervation may be strongly conserved in vertebrates (Jung et al., 2018). As forelimb
musculoskeletal complexity has increased from primitive to more derived modern tetrapods, so
too has the observable complexity of the forelimb nerve macrostructure (Paterson, 1887; Harris,
1939). Researchers have commonly observed that the brachial plexus in particular has
sequentially adapted in accordance with changes in their limb innervation points, following a
steady progression in complexity (at the time loosely defined as from finned fishes to limbed
vertebrates (Murakami and Tanaka, 2011), which indicates that while the microstructure may be
conserved, the macroanatomical structure of the peripheral nervous system may be affected by
the forces of evolution in similar ways to other tissues. Claims as such are numerous in the
historical literature (e.g., Paterson, 1887; Miller, 1934; Harris, 1939) but have not been assessed
using a modern phylogenetic approach in any clade.
Primates (both human and non-human) have been a staple clade for understanding
brachial plexus diversity for over a century. For Homo sapiens, dozens of descriptive reports
having been written detailing the common brachial plexus morphology (e.g., Cunningham, 1877;
Walsh, 1877; Harris, 1904; Kerr, 1918; Lee et al., 1992; Matejick, 2005), development (e.g.,
Lewis, 1902; O’Rahilly et al., 1990; Shinohara et al., 1990; Uzun and Biligc, 1999; Uysal et al.,
2003), neural integration with surrounding structures and/or terminal correlates (e.g., Wood
Jones, 1910; Horiguchi, 1980; Ajmani, 1994; Loukas and Aqueelah, 2005; Prakash et al., 2009;
Chaijaroonkhanarak et al., 2014; Leonhard et al., 2016), studies of variation (e.g., Wood Jones,
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1910; Lee et al., 1992; Gümüsburun and Adiguzel, 2000; Tatar et al., 2004; Poornima and
Satyaprasad, 2006; Pandey and Shukla, 2007; Bhat and Girijavallabhan, 2008; Villamare et al.,
2009; Pellerin et al., 2010; Chaudary et al., 2012; Sinha et al., 2012; Wozniak et al., 2012; Khan
et al., 2014; Emamhadi et al., 2016), and how such variations may affect surgical or
rehabilitative treatment outcomes (e.g., Adebisi and Singh, 2002; Matejčík, 2003; Kocabiyik et
al., 2005; Nayak et al., 2005; Ragosti et al., 2013; Van de Velde et al., 2013; Leonhard et al.,
2016). A common macrostructure and microanatomy of axon distribution are generally agreed
upon for humans (See Chapter 2, this thesis).
Research concerning the non-human primate brachial plexus has been mainly descriptive
in nature. Few researchers have been able to examine a sufficient number of specimens to
evaluate frequency variations in different species from a statistical perspective, likely due to the
relative difficulty of acquiring and maintaining primate specimens compared to other exemplar
species such as rats, though there are several notable exceptions (e.g., Miller, 1934; Chase and
DeGaris, 1940; Sugiyama, 1965). The majority of researchers have focused their efforts on
analyzing a small number of specimens (generally fewer than 10) to understand taxon specific
morphologies (e.g., Bolk, 1902; Preuschoft, 1964; Kusakabe et al., 1965b; Sugiyama, 1965;
Mizuno, 1966; Mizoguti et al., 1967; Mizuno, 1969; Koizumi, 1980; Koizumi and Sakai, 1995;
Cruz and Adami, 2010; Kikuchi et al., 2011; Kawashima et al., 2012; Santos-Sousa et al., 2016).
Many of these studies were conducted primarily to compare non-human primates against the
human form (e.g., Swindler and Wood, 1973) or to understand model organisms used in human
research trials (e.g., Emura et al., 2017). Some studies were performed purely of anatomical
curiosity and to document rare or charismatic taxa (e.g., Raven, 1950; Booth et al., 1997). Least
common in the literature are studies with an emphasis on understanding how structural
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similarities and differences may be a product of evolutionary shifts affecting gross limb
morphology (e.g., Miller, 1934; Harris, 1939; Kanagasuntheram and Mahran, 1960).
Paired with the increasingly robust literature detailing the frequency on deviation from
the ‘classic’ anatomical pattern in many regional populations of Homo sapiens (e.g., Shinohara et
al., 1990; Tountas and Bergman, 1993; Uzun and Biligc, 1999; Uysal et al., 2003; Prakash et al.,
2009; Sinha et al., 2012; Wozniak et al., 2012; Emamhadi et al., 2016; Khan et al., 2017),
research on non-human forelimb neuroanatomy is becoming valuable for understanding how the
forces of evolution affect the peripheral nervous system. Yet however valuable these descriptive
works are for understating the anatomical complexity of the tetrapod clade, and in particular for
understanding the normal human morphology in relation to other primates, few attempts have
been made to place the well-described morphological diversity of the brachial plexus in an
evolutionary framework using modern phylogenetic systematic methods (Backus et al., 2015;
Shearer, 2015), despite several researchers suggesting that such an approach may be critical to
our understanding of forelimb evolution (Miller, 1934; Harris, 1939; Hirasawa and Kuratani,
2013; Emura et al., 2017). Given the increasingly complex picture of hominoid locomotor
evolution being provided by the fossil record (e.g., Pilbeam et al., 1990; Larson, 1998; Almécija
et al., 2007; Begun and Kivell, 2011; Almécija et al., 2015), particularly in regards to the parallel
evolution of suspensory behavior, and the recent research on soft tissue differences in recently
diverged hominoid sister taxa (Diogo and Wood, 2011; Diogo et al., 2018), evaluation of primate
limb complexes from a soft-tissue perspective may be valuable if they can be tied to either
locomotor signal or clade synapomorphies.
Several non-neural soft tissue anatomical systems have been studied in an evolutionary
framework to determine their suitability to aiding our understanding of primate evolution with
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modern phylogenetic systematics. Gibbs et al., (2000; 2002) demonstrated that the commonly
accepted hominoid phylogenetic hypothesis, with a well-supported Pan-Homo clade to the
exclusion of Gorilla, could be recovered in parsimony analyses using only soft tissue-based
characters from nearly all body systems (e.g., integument, the alimentary system, the arterial and
venous system, the nervous system, the cardiovascular system, the urogenital system). Diogo and
Wood (2011) further demonstrated the usefulness of soft tissues by recovering much of the wellaccepted primate-wide phylogeny from Arnold et al., (2010) using characters derived from
muscles of the head, neck, and upper limb. Their analysis also recovered the Pan-Homo clade to
the exclusion of Gorilla, and all other major primate groups. Additionally, Diogo et al., (2013)
analyzed these data to determine the rate and tempo for the evolution of the head, neck, and
forelimb muscles as mapped onto the primate phylogeny, finding different rates of muscle
gain/loss in different groups that closely matches molecular evolution rates. Outside of primates,
researchers have often used muscular character data to supplement larger hard tissue data sets
(e.g., Conrad et al., 2011) and muscular data alone to answer evolutionary physiological
ecomorphological questions (e.g., Tingle et al., 2017).
The peripheral nervous system is engaged in receiving, interpreting, and affecting action
on all internal and external stimuli that a primate may receive from its environment, and the
brachial plexus is the major source of neural integration for the forelimb in all tetrapods. As the
peripheral nervous system is a critical component of enabling movement of the forelimb,
understanding its diversity, rate of change, correspondence to musculature, integration, and
evolutionary trajectory are vital for better understanding the history of primate locomotor
evolution in a holistic sense. Despite being a relatively small clade, primates have some of the
highest levels of locomotor diversity seen in any Order of placental mammals, boasting several
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varieties of quadrupedalism, clinging and leaping, various styles of arborealism, and bipedalism,
making the clade an ideal to study test how the peripheral nervous system can and has adapted
throughout their evolutionary history. Furthermore, adult primates present a series of unique
locomotor propensities, such as a diagonal-sequence walking gait, an asymmetrical limb pattern
unusual for mammals that is thought to be the result of achieving stability during above-branch
quadrupedalism (Hildebrand, 1980; Schmitt and Lemelin, 2002; Lemelin et al., 2003; Shapiro
and Raichlen, 2005; Finestone et al., 2017). Such a difference from the primitive mammalian
condition indicates that primate locomotion was under selection, which in addition to the
evidence seen in the gain, loss, and morphological modification of the forelimb muscular system
(Diogo and Wood, 2011), may suggest that the neural integration of the limbs (including the
peripheral nervous system) may also have been under selection to facilitate adaption to new
niches.
In this chapter, I present a series of cladistic analyses on the morphological diversity
present in the primate brachial plexus and attempt to infer evolutionary trends in the resulting
structure. To accomplish this, I describe and score characters for each taxon and conduct
parsimony-based phylogenetic analyses to hypothesize the evolutionary relationships of both the
taxa and the neural structures under study. If the resulting trees closely resemble the widely
accepted phylogeny of living primates (e.g., Arnold et al., 2010 Perelman et al., 2011), it would
suggest that the organization of the brachial plexus carries a strong and important phylogenetic
signal in primates. If the resulting trees instead reconstruct groupings inconsistent with the
consensus primate phylogeny, different evolutionary reasons for these connections, such as
functional ones, will be explored. Finally, using the widely accepted primate phylogeny (whether
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recovered or not), character state changes in the brachial plexus will be mapped and used to infer
changes in the brachial plexus during primate evolution.

4.3. Materials
4.3.1. Primary dissections
The materials used in this dissertation are listed in Table 4.1. A total of n=79 specimens
from 20 genera were dissected by the primary researcher in part or in whole. The total number of
plexuses dissected in-part or in-whole were n=123. Specimens were selected first on availability,
then based on completeness, condition, lack of previous destructive selection to the limbs, and
preservation quality. Age and sex were not considered as potentially exclusive criteria in the
specimen selection process as no primate specific sex-differences in brachial plexus morphology
have been reported, and any postnatal or terminal fetal primate will present the adult plexus
morphology. In addition to the specimens presented in Chapter 3, the data set is supplemented
with reports gathered from the literature via either text descriptions or images. The literature was
particularly relied on for non-primate mammals used here (i.e., Rattus, Cynocephalus, Tupaia),
some of which are not easily accessible for destructive dissection.
As there is some disagreement on the number and variants in the brachial plexus (See
Chapter 2), all available published reports were considered alongside primary dissections and
differences were coded with a frequency distribution of characters to most accurately capture the
maximum amount of intraspecific variation following Wiens et al., (1997). Character states and
scoring are described below in the Methods section.
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np
Genus
n
Characters observed and percentage of total
*
Alouatta
*
72 of 99 (73%)
5
Aotus
3
82 of 99 (83%)
2
Ateles
1
80 of 99 (81%)
1
Cacajao
1
87 of 99 (88%)
5
Callithrix
3
81 of 99 (82%)
5
Cercopithecus
3
86 of 99 (87%)
8
Colobus
4
89 of 99 (90%)
*
Eulemur
*
71 of 99 (72%)
2
Galago
1
76 of 99 (77%)
6
Gorilla
4
97 of 99 (98%)
*
Homo
*
99 of 99 (100%)
12
Hylobates
7
96 of 99 (96%)
*
Lagothrix
*
87 of 99 (88%)
3
Lemur
2
78 of 99 (79%)
4
Leontopithecus
2
85 of 99 (86%)
*
Lepilemur
*
61 of 99 (62%)
9
Macaca
5
92 of 99 (93%)
4
Mandrillus
2
93 of 99 (94%)
18
Miopithecus
10
91 of 99 (92%)
3
Nycticebus
2
84 of 99 (85%)
26
Pan
18
96 of 99 (97%)
*
Papio
*
91 of 99 (92%)
11
Pongo
7
96 of 99 (97%)
5
Saguinus
3
86 of 99 (87%)
2
Saimiri
1
86 of 99 (87%)
*
Semnopithecus
*
80 of 99 (81%)
1
Symphalangus
1
95 of 99 (96%)
*
Tarsius
*
71 of 99 (72%)
*
Varecia
*
55 of 99 (56%)
Table 4.1. List of primate genera used in this study. Abbreviations: n= number of specimens, np
= number of individual plexuses dissected (in-part or completely), * = data were derived from
the literature, not primary dissection. See Methods section below for character descriptions.
np
Genus
n
Characters observed and percentage of total
*
Cynocephalus
*
63 of 99 (64%)
*
Rattus
*
64 of 99 (65%)
*
Tupaia
*
77 of 99 (78%)
Table 4.2. Non-primate genera used for this study. Abbreviations: n= number of specimens, np
= number of individual plexuses dissected (in-part or completely), * = data were derived from
the literature, not primary dissection.
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4.3.2. Taxonomy
4.3.2.1. Primates
Each analysis here was conducted at the genus level with sex-pooled specimen character
data from primary dissections and from the literature where available mainly following the
taxonomic assignations of Fabre et al., (2009) for most taxa. This is primarily because primate
cadaveric specimens are difficult to acquire in a sufficiently well-preserved state to allow for
nerve dissection, which generally results in small sample availability. Additionally, issues with
record keeping make anything more specific than genus level assignations difficult. Many soft
tissue collections do not consistently denote up-to-date species level taxonomy of their
specimens, particularly those with prior dissections as skulls and associated cranial soft tissues
are preferentially removed by researchers for ease of study or skeletonization. Furthermore,
many specimens have been in storage for extended periods, making determination of taxonomic
synonymy nearly impossible when only provided outdated or incomplete nomenclature. Due to
the limited sample size, species level distinctions were not used for character coding, but rather
all specimens were grouped by genus and coded at that taxonomic level. See below for further
details on character construction.
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Figure 4.1. Primate molecular phylogeny from partial data presented in Perelman et al., (2011).
Only taxa observed in this study are included for clarity. Supra-family relationships are noted in
color blocks: yellow = Haplorrhini, green = Platyrrhini, purple = Catarrhini, blue =
Cercopithecidae, red = Hominoidea, gray = Strepsirrhini.
4.3.2.2. Non-primate mammals
Three non-primate mammals from the Superorder Euarchontaglires were used here as
outgroups based on their close evolutionary relationships to primates: rats (Rodentia: Rattus),
tree-shrews (Scandentia: Tupaia), and colugos (Dermoptera: Cynocephalus). Researchers differ
in their placement of treeshrews, colugos, and primates within Euarchontaglires, and as such,
inclusion of brachial plexus data from representatives from each order was important for
understanding the basal character states of the last common primate ancestor. Most molecular
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research suggests a Dermoptera-Primates sister clade Mirorder Primatomorpha (Janečka et al.,
2007; Steiper and Young, 2008; Perelman et al., 2011), though some recover the ScandentiaDermoptera sister clade Sundatheria as the outgroup to primates based on both molecular and
combined evidence approaches including fossils (Silcox et al., 2007; O’Leary et al., 2013). Other
studies place Scandentia as sister to Glires (Meredith et al., 2011; Zhou et al., 2013), thereby
invalidating Euarchonta, though Lin et al., (2014) suggest this may be a case of long-branch
attraction due to fast evolutionary rates at the sampled loci.
Comparative data for the non-primate mammal groups were derived from several studies
examining the brachial plexus morphology of Wistar rats (Angelica-Almeida et al., 2013,
O’Neill and Casal, 2013; Suaid et al., 2016), a study of tree-shrew anatomy (Le Gros Clark,
1924), a study of colugo anatomy (Leche, 1886), and a study on cervico-brachial plexus
adaptations in the colugo (Kawashima et al., 2012). The anatomical specializations of each group
must be considered to understand the possible influence of function and phylogeny on the
brachial plexus. Rats are generalized mammals without significant forelimb specializations and
have a divergent evolutionary history from primates with a most recent common ancestor ~80
million years ago (Springer et al., 2003; Meredith et al., 2011; O’Leary et al., 2013; Springer et
al., 2017). Tree shrews are generalized mammals that possess many plesiomorphic anatomical
characteristics and convergent similarities with primates (Jenkins, 1974; Sargis, 2001), and some
researchers suggest that tupaiids may represent a good anatomical model for early primate
locomotion (Sargis, 2002, 2004). Despite their close genetic affinity to primates, colugos possess
a suite of limb and vertebral autapomorphies related to their highly-specialized gliding form of
locomotion that render them dissimilar to primates in a number of functional ways (Macalister,
1872; Johnson-Murray, 1977, 1987; Kawashima et al., 2012).
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4.4. Methods
All primates used for this dissertation were dissected by the primary researcher, except
where a previously occurring dissection is noted in Table 4.1, or where specimen descriptions or
images were gleaned from the existing literature on the subject as outlined in Chapter 2, 3, and
Appendix 1. Efforts were made to use character data derived directly from personal observation
of dissections, but peer-reviewed published reports were also drawn on where specimen
availability was limited for key taxa. All non-primate materials were derived from the literature
(see above) due to either a large amount of published data being readily available (as with
Rattus), or because specimens are rare (as with Tupaia and Cynocephalus). Where specimens
exhibited any degree of pre-dissection, care was taken to complete a dissection of said limb to
expose the nerves of the dissected side in addition to the non-dissected side. This measure was
taken to ensure the previous dissector did not destroy any nerve tissues, and to measure bilateral
variation in the peripheral nervous system of primates. Damaged or previously dissected
specimens were dissected to provide partial information and are noted as incomplete sources in
the Table 3.3 (see Chapter 3). Characters were scored both at the time of dissection and post-hoc
through detailed photographs taken of the exposed, cleaned brachial plexus from dorsal and
ventral views. See Chapter 3 of this work for a detailed description of the dissection protocol
utilized here.

4.4.1. Character construction
89 unique qualitative characters were described for this study, with 10 qualitative
characters gleaned from Gibbs (1999) and Gibbs et al., (2000) for a total of n=99 characters. See
Table 4.3 for full descriptive criteria of each character and character state. All characters and
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character states used here were created in two broad categories: 1) nerve morphology, and 2)
nerve interaction with other soft tissues, i.e., muscle and vasculature. Characters were created for
the anatomically distinct regions of the brachial plexus (see Figure 4.2): roots (n=10), trunks
(n=6), cords (n=8), and (terminal) nerves (n=49). For nerve interaction with other soft tissues,
the pattern of innervation with nerves/muscles (n=25), which includes the route of nerves
through or around muscles, and the interaction of vasculature with nerves (n=1) were
considered. For the nerve-specific characters, each regional set represents a distinct anatomical
point within the brachial plexus (i.e., roots, trunks, divisions, cords, terminal nerves), wherein
there is potential for variations in nerve fiber presence, distribution pattern, or general
morphology. The disparity in regional character counts reflects the potential for variation in each
tissue segment, with the terminal nerves exhibiting the highest possibility for combinatory
differences and interactions (Slingluff et al., 1987; Matejčík, 2003), strongly reflective of the
fascicular diversity of the brachial plexus from proximal to distal (van Geffen et al., 2009;
Johnson et al., 2010).
In the several instances where multiple species of a single genus were available (e.g.,
Cercopithecus diana, C. neglectus, C. mitis/albogularis), specimen number was not generally
high enough to warrant coding the species individually, and specimens were instead coded at the
genus level. As vertebrate neural systems are hypothesized to be relatively conservative
compared to other tissues (e.g., Giffin, 1995; Jung, 2018), this genus-level grouping is not
predicted to affect analyses. Final analyses were conducted with genus-level modal averages for
each character when consistent intrageneric polymorphisms did not exist.
Characters were constructed and coded according to their observed distribution among
the taxa dissected for this project and from reports described in the literature according to several
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different criteria. Where two or more-character states were present within a taxon at an
occurrence rate of 24% or greater, a frequency-based character state approach was taken in order
to maximally capture morphological variation (Wiens et al., 1997; Wiens, 2001). For example, in
Character 2 “C4 contribution to brachial plexus”, several different morphologies were noted
among closely related groups, and as such, three character states were coded: (0) Present in 024% of individuals, (1) Present in 25-74% of individuals, (2) Present in 75-100% of individuals.
These represent the most commonly observed percentage distributions reported in the literature
for humans and non-human primates (See Chapter 2), and maximally cover the diversity
observed in the primary dissections conducted for this work. A total of 71 characters were coded
as unordered, with the remaining 28 coded as ordered. Characters were coded as Ordered where
it could be logically assumed that they had to pass through an intermediate character state to
move toward fixation and/or where a polymorphic presence rate was noted within a genus
following Wiens (1995). Using Character 2 as an example again, it is clear from the literature
(see Chapter 2) that the common mammalian brachial plexus condition does not include
generally include C4, but that it can occasionally be present in low intraspecific frequencies (0 =
0-24%). As such, its inclusion in the brachial plexus of some primates likely went through
several stages towards fixation, first occurring at low frequencies and progressing through higher
frequencies. Where polymorphisms were clearly present in a genus, but the rates were unclear
based on limited available data either from primary dissection or the literature, characters were
coded in a less descriptive ordered state of 0 = Absent, 1 = Polymorphic, 2 = Present.
As many cadavers studied here were previously dissected to variable extents, damage
made it impossible to score all 99 characters for most specimens and taxa. Missing data were
coded as “?”. Character state data were supplemented with reported literature, particularly where
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published reports existed for taxa that were poorly represented in the materials available for
primary dissection. Soft tissue data sets with relevant upper limb characters (both muscle and
nerve) were gleaned from Gibbs (1999), Gibbs et al., (2002), and Diogo and Wood (2011) for
comparative analyses on different tissue systems in related areas of the forelimb and
pectoral/shoulder girdle.
No quantitative characters were taken here, as nerve branch length or width does not
necessarily correlate with its significance as a contribution to the brachial plexus or the distal
point of integration (see Chapter 2). A large fraction of the mass of peripheral nerves is
composed of connective tissues, increasingly so proximal to distal (Moayeri et al., 2008), which
are not informative when attempting to understand neuromuscular evolution. However,
histological studies of fiber type, axon count, and root derivation could be used as a potential
way to integrate microscopic, quantitative data into the systematics of the peripheral nervous
system and should be explored in further studies.
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Character
1

Character states

Definition
C3 contribution to brachial plexus

2

C4 contribution to brachial plexus

3

C5 contribution to brachial plexus

4

C6 contribution to brachial plexus

5

C7 contribution to brachial plexus

6

C8 contribution to brachial plexus

7

T1 contribution to brachial plexus

8

T2 contribution to brachial plexus

9

T3 contribution to brachial plexus
Brachial plexus passes between the anterior and
medial scalene muscles

10
11
12
13
14
15
16
17
18

19

20
21
22
23
24
25

Total number of trunks
C5 primarily contributes to suprascapular nerve, not
more caudal aspects of plexus
Upper trunk presence (defined as combined upper two
or more root elements)
Middle trunk (defined as intermediate root element)
Lower trunk (defined as combined lower two or more
root elements)
C7 primarily forms the middle trunk
Number of total cords (must include posterior cord)
True posterior cord presence (present when axillary
nerve forms distal to combination of all dorsal nerve
divisions)
True lateral cord presence (comprised only of the
ventral division of the upper trunk where a ventral
division of middle trunk joins the upper trunk prior to
terminal nerve branches)
True medial cord (comprised only of the ventral
division of the lower trunk or where a ventral division
of the middle trunk joins the lower trunk prior to
terminal nerve branches)
Frequency with which the middle trunk contributes to
the lateral cord
Frequency with which the middle trunk primarily
forms the lateral cord
Frequency with which the middle trunk contributes to
the medial cord
Three ventral trunks form an “anterior cord” rather
than separate medial and lateral cords
Nerve to subclavius presence
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0 = 0-24%, 1 = 25-49%, 2 =
50-74%, 3 = 75-100%
0 = 0-24%, 1 = 25-74%, 2 =
75-100%
0 = 0-24%, 1 = 25-49%, 2 =
50-74%, 3 = 75-100%
0 = 0-24%, 1 = 25-49%, 2 =
50-74%, 3 = 75-100%
0 = 0-24%, 1 = 25-49%, 2 =
50-74%, 3 = 75-100%
0 = 0-24%, 1 = 25-49%, 2 =
50-74%, 3 = 75-100%
0 = 0-24%, 1 = 25-49%, 2 =
50-74%, 3 = 75-100%
0 = 0-24%, 1 = 25-49%, 2 =
50-74%, 3 = 75-100%
0 = 0-24%, 1 = 25-49%, 2 =
50-74%, 3 = 75-100%

Character
type
O
O
O
O
O
O
O
O
O

0 = Absent, 1 = Present
0 = 2, 1 = 2/3, 2 = 3, 3 = 3/4, 4
=4

UO

0 = Absent, 1 = Present

UO

0 = Absent, 1 = Present
0 = Absent, 1 = Present

UO
UO

0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = 1, 1 = 2, 2 = 3

UO
UO
O

0 = Absent, 1 = Present

UO

0 = Absent, 1 = Present

UO

0 = Absent, 1 = Present
0 = 0-24%, 1 = 25-49%, 2 =
50-74%, 3 = 75-100%
0 = 0-24%, 1 = 25-49%, 2 =
50-74%, 3 = 75-100%
0 = 0-24%, 1 = 25-49%, 2 =
50-74%, 3 = 75-100%

UO

0 = 0-24%, 1 = 25-49%, 2 =
50-74%, 3 = 75-100%
0 = Absent, 1 = Present

O

O
O
O
UO
UO

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Dorsal scapular nerve presence
Lateral pectoral nerve presence
Medial pectoral nerve presence
Suprascapular nerve presence
Upper subscapular nerve presence
Lower subscapular nerve presence
Thoracodorsal nerve presence
Long thoracic nerve presence
Musculocutaneous presence
Median nerve presence
Radial nerve presence
Axillary nerve presence
Ulnar nerve presence
Thoracodorsal nerve morphology
Lateral cutaneous nerve of the forearm arises from
musculocutaneous nerve
Lateral cutaneous nerve of the forearm exits between
biceps brachii and brachialis muscles
Dorsal scapular nerve forms in single bundle
Root origin of dorsal scapular nerve
Root origin of nerve to subclavius
Contributions of the long thoracic nerve
Medial and lateral pectoral nerve root composition

46
47
48
49

50

Medial and lateral pectoral nerves form ansa
pectoralis (pectoral nerve loop)
Number of discrete upper subscapular nerve elements
Lower subscapular nerve has separate origin from
upper subscapular nerve

Upper subscapular nerve origin point(s)

Thoracodorsal nerve origin point
51

52

Root origin of thoracodorsal nerve
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0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = Singular in origin, 1 =
Bifid

UO
UO
UO
UO
UO
UO
UO
UO
UO
UO
UO
UO
UO

0 = Absent, 1 = Present

UO

0 = Absent, 1 = Present
0 = Absent, 1 = Polymorphic,
2 = Present
0 = C4, 1 = C4/5, 2 = C5, 3 =
C5-6
0 = C4, 1 = C4/5, 2 = C5, 3 =
C5-6, 4 = C7
0 = C5-6, 1 = C5-7, 2 = C6-7,
3 = C6-8
0 = Contain fibers from fewer
than the total of contributing
roots, 1 = Contain fibers from
all contributing roots

UO

0 = Absent, 1 = Present
0 = 1, 1 = 2, 2 = 3

UO
O

0 = Absent, 1 = Present
0 = Dorsal division of upper
trunk, 1 = Dorsal division of
combined upper trunk and
middle trunk, 2 = Dorsal
division of middle trunk, 3 =
Posterior cord
0 = Dorsal division of
combined truncus superior and
middle trunk, 1 = Dorsal
division of middle trunk, 2 =
Posterior cord, 3 = Radial
nerve
0 = C5-7, 1 = C5-8, 2 = C6-8,
3 = C7-T1, 4 = C8-T1, 5 = C8T2

UO

UO

O
O
O
O

UO

O

O
O

53
54 t
55 t
56
57
58

Thoracodorsal nerve is the sole innervation for the
latissimus dorsi muscle
Pseudoganglion present on axillary nerve branch to
teres minor
Posterior interosseous nerve of the forearm has
gangliform enlargement
Median nerve receives medial and lateral heads from
respective cords
Median nerve arises from all nerve roots
Ulnar nerve and media nerve bifurcation point
Radial nerve composition

59
60
61
62
63
64
65
66
67*
68*

69*
70*
71
72
73
74
75
76
77
78

Musculocutaneous nerve arises as a single branch
from the lateral cord
Root origin of musculocutaneous nerve
Anastomosis between median and musculocutaneous
after split (in arm or forearm)
Anastomosis of median and ulnar after split (in arm or
forearm)
Anastomosis of radial and ulnar in arm or forearm
Anastomosis of superficial and deep digital nerve rays
Suprascapular nerve is a single, continuous unit
Gangliform enlargement at junction of radial nerve
and posterior interosseous nerves
Root origin of axillary nerve

Branching position of axillary nerve

Root origin of upper subscapular nerve
Axillary nerve and lower subscapular nerve share an
origin
Radial nerve forms from a medial and lateral head,
analogous to median nerve
Origin of ulnar nerve
Radial is sole innervation for the brachioradialis
muscle
Deep radial nerve pierces supinator muscle
Lateral pectoral nerve innervates both the pectoralis
major and pectoralis minor muscles
Medial pectoral nerve pierces the pectoralis minor
muscle to innervate pectoralis major
Nerve to dorsoepitrochlearis arises from the radial
nerve
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0 = Absent, 1 = Present

UO

0 = Absent, 1 = Present

UO

0 = Absent, 1 = Present

UO

0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = Axilla, 1 = Proximal third
of arm
0 = Not all contributing
brachial plexus roots, 1 = All
contributing brachial plexus
roots

UO
UO

0 = Absent, 1 = Present
0 = C5-6, 1 = C5-7, 2 = C6-7
0 = Absent, 1 = Polymorphic,
2 = Present
0 = Absent, 1 = Polymorphic,
2 = Present
0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = Absent, 1 = Present

UO
O

0 = Absent, 1 = Present
0 = C5-6, 1 = C5-7, 2 = C5-8,
3 = C6, 4 = C6-7
0 = Dorsal division of upper
trunk, 1 = Dorsal division of
combined upper and middle
trunks, 2 = Posterior cord, 3 =
Radial nerve, 4 = Other
0 = C5-6, 1 = C5-7, 2 =C5-8,
3 = C6, 4 = C6-7

UO

0 = Absent, 1 = Present

UO

0 = Absent, 1 = Present
0 = C8-T1, 1 = C8-T1/2, 2 =
C8-T2, 3 = T1-2

UO

0 = Absent, 1 = Present
0 = Absent, 1 = Present

UO
UO

0 = Absent, 1 = Present

UO

0 = Absent, 1 = Present

UO

0 = Absent, 1 = Present

UO

UO

UO

UO
UO
UO
UO
UO

O

O
O

O

79
80
81
82
83
84
85
86*
87*
88*
89
90
91
92t
93
94
95
96
97
98
99

Lower subscapular nerve inserts into intermuscular
septum between subscapularis and teres major
muscles
Lower subscapular nerve innervates portion of
subscapularis muscle
Median nerve pierces the pronator teres muscle
between its ulnar and humeral heads
The musculocutaneous nerve innervates the
coracobrachialis muscle
The musculocutaneous nerve pierces the
coracobrachialis muscle
The axillary nerve innervates the teres minor muscle
The axillary innervates the teres major muscle
The axillary nerve innervates deltoid muscle
Number of digits supplied by the median nerve
The axillary nerve innervates subscapularis muscle
The ulnar nerve provides some innervation to flexor
pollicis brevis muscle
The ulnar nerve supplies hypothenar muscles
The axillary nerve passes through the quadrangular
space
The ulnar passes between the two heads of the flexor
carpi ulnaris
The ulnar nerve pierces the dorsoepitrochlearis muscle
The ulnar nerve innervates 1/2 of flexor digitorum
profundus muscle
The ulnar nerve innervates flexor carpi ulnaris muscle
The ulnar nerve supplies lumbricals
The median nerve supplies lumbricals
Deep branch of ulnar nerve passes superficial to
palmar interossei
The axillary artery passes through medial and lateral
cords of brachial plexus

0 = Absent, 1 = Present

UO

0 = Absent, 1 = Present

UO

0 = Absent, 1 = Present

UO

0 = Absent, 1 = Present
0 = 0-24%, 1 = 25-49%, 2 =
50-74%, 3 = 75-100%
0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = Absent, 1 = Present

UO

0 = Absent, 1 = Present
0 = Absent, 1 = Present

UO
UO

0 = Absent, 1 = Present

UO

0 = Absent, 1 = Present
0 = Absent, 1 = Present

UO
UO

0 = Absent, 1 = Present
0 = Absent, 1 = Present
0 = 3, 1 = 3 /4, 2 = 4, 3 = all
0 = 1, 1 = 1 / 2, 2 = 2, 3 = 2 /
3, 4 = 3

UO
UO
O

0 = Absent, 1 = Present

UO

0 = Absent, 1 = Present

UO

O
UO
UO
UO
UO
UO

O

Table 4.3. Definitions and character state definitions used in this study. See Chapter 2 for
definitions of formal anatomical terms. All characters are qualitative in nature. O = Ordered, UO
= Unordered. * = characters derived from Gibbs et al., (2000). t = character derived from Gibbs,
(1999).
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4.4.2. Character independence
The mutual independence of characters is often cited as critical for the integrity of
parsimony analyses (Wilkinson, 1995; Sereno, 2007). As defined by Sereno (2007) a character
must be a, “heritable, organismal feature (i.e., an observable condition) expressed as an
independent variable”. Numerous definitions exist for the concept of character independence,
though researchers generally agree that it is implicit in character construction and necessitates
that a not character be reliant on any other for its defined states (see Sereno (2007) for review).
However, in the context of the brachial plexus, true character independence is difficult to achieve
depending on what structure is considered as the potential unit of homology. The anatomical
regions of the plexus are distinct but artificial in delineation (e.g., roots, trunks, cords).
Furthermore, the formation of distal elements relies on the presence of proximal elements. For
example, the presence of a distinct lateral cord in humans is dependent on multiple factors that
precede it: neuromotor cells existing in the C5 and C6 regions of the spinal cord, root
contributions from C5-6, a discrete combination of C5-6 distally, and a ventral/dorsal division of
C5-6 in which the ventral branch combines with a ventral division of C7 in a cohesive epineural
capsule. More concretely, when considering the neomorphic Character 32 (Presence of the
thoracodorsal nerve) with two distinct character states (0 = Absent, 1 = Present), the character
may be read as “the absence/presence of a nerve macrostructure (axons, supporting cells,
connective tissue) that innervates the latissimus dorsi”. It may be also considered by its
constituent parts, i.e., its axonal microstructure components, hence the transformational
Character 52 (Root origin of thoracodorsal nerve) with five distinct character states (CS0 = C5-7,
CS1 = C5-8, CS2 = C6-8, CS3 = C7-T1, CS4 = C8-T2) reflecting a potential shift of the rootlet
origins in either a caudal or cranial direction.
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Following the logic of Sereno (2007) regarding use of apparently overlapping
neomorphic and transformational characters, I reason that characters listed here describing
aspects of the same structure are independent based on scale (macro vs micro), as they address
different levels of potential homology within the brachial plexus as a complex. Characters
concerning total nerve presence/absence as a macrostructure that provides innervation to a
muscle or patch of skin are neomorphic, while characters describing the individual axons that
compose said nerve microstructure or its place of derivation are transformational. Where no
character state designation is inapplicable to a taxon, a “?” is used.

4.4.3. Missing data
Effective observation of characters based on soft tissue morphology is reliant on
specimen availability, preservation quality, dissection skill, and detailed reporting in the
literature. As mentioned above, no single specimen here provided all 99 characters. However,
with supplementation from published dissection work, I was able to determine the most common
morphology for many taxa in which some characters were not observable. The percent of
missing data varies for each clade, with Hominoidea preserving the highest percentage, and
Strepsirrhini the lowest. This is mostly a byproduct of the specimens available in collections,
which tended to favor higher primates. Additionally, several primate genera (i.e., Alouatta,
Homo Lagothrix, Lepilemur, Papio, Semnopithecus, Tarsius, Varecia) and all outgroup genera
(i.e., Rattus, Tupaia, Cynocephalus) were only available from anatomical reports in the literature,
leading to the relatively poor preservation of around 70% of the total character matrix for each
taxon. Only one taxon sampled here (Varecia) preserves fewer than 60% of the possible 99
characters, and all listed taxa are included in all analyses, as simulations have demonstrated that
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inclusion of incomplete taxa and characters with missing data can still help to break up longbranches, thereby improving accuracy and resolution of higher-level phylogenies (Wiens et al.,
2005; Wiens, 2006).

4.4.4. Cladistic analyses
Maximum parsimony analyses were conducted on three different data set partitions
derived from the characters generated through primary dissection and an intensive literature
search. The first set dataset (‘Complete dataset’) is comprised of 29 primate genera and three
non-primate members of Euarchontoglires with the full complement of 99 characters described
above. The second dataset (‘Nerves only’) is comprised of 29 primate genera and three nonprimate members of Euarchontoglires with of 71 the total 99 characters related only to nerves
listed here. The third dataset (‘Nerve/Muscle/Vasculature interactions’) is comprised of 29
primate genera and three non-primate members of Euarchontoglires, with of 28 the total 99
characters related only to nerve and muscle or nerve and vasculature interactions.
Analyses of the Complete Dataset were constructed following two levels of forced
constraint, with Rattus always rooted as the terminal outgroup. In the first analysis, a
Primatomorpha sister relationship between Cynocephalus and Primates was forced, with Tupaia
as the sister clade to Primatomorpha. This constraint was applied to ensure the most commonly
recovered relationship in Euarchontoglires was preserved as per molecular studies (e.g., Janečka
et al., 2007; Steiper and Young, 2008; Perelman et al., 2011), given that the morphological
similarity between primates and tree shrews is more likely to recover a sister relationship
between the two clades. Primates were unconstrained within the clade. In the second analysis,
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the taxa were constrained to a molecular scaffold according to the most commonly found primate
sister clade relationships following Perelman et al., (2011).
Data were analyzed using the computer program TNT (Tree analysis using New
Technology; Goloboff et al., 2008) to search for the most parsimonious cladograms both in
partitioned and combined datasets (see above for definitions). Exhaustive tree-searches were
performed to find the most parsimonious trees with all data sets, and a normal bootstrap was
performed with 10,000 replications was performed to provide an estimation of clade support.
Majority-rule consensus trees and strict consensus trees were constructed from the results of
maximum parsimony analyses to show alternative hypotheses for relationships among primate
clades. 67 characters in the dataset constructed for this project have only two character states
(“0” and “1”), while 32 are multistate. A total of 81 characters were coded as unordered, with the
remaining 18 coded as ordered. Characters 1 through 9, 21 through 24, and 83 are frequency
based, ordered characters based on both primary observation of rate variation in structure
contribution and the results of an extensive literature search (See Chapter 2). Characters 11, 17,
42 through 45, 48, 50 through 52, 58, 61 through 63, 68 through 70, 96, and 96 were multistate,
though unordered and based on distinct nerve contributions rather than frequency of appearance.
Resultant character polarities, homology, and homoplasy are assessed for each analysis in
Mesquite v3.40 (Maddison and Maddison, 2018) using the parsimony-based “Trace Character”
function, and selected characters are discussed in detail as they pertain to clade synapomorphies
and individual terminal taxon autapomorphies. Character evolution was explored. Figures were
constructed using FigTree v1.4.3 and annotated in Microsoft PowerPoint. Majority rule
parsimony trees and relevant statistics, including bootstrap values (BSV) for each clade, the
Retention Index (RI), and Consistency Index (CI) for whole trees as found in the parsimony
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analyses conducted in TNT (Goloboff et al., 2003) are reported below. Bootstrap values are
pseudo-statistical numbers that relay the number of times a clade is recovered in data set
replications using randomly generated sub-matrices with replacement. Consistency Index values
are a measure of character homoplasy, whereby the minimum number of steps for a character are
divided by the actual number of steps observed in a tree (i.e., CI=1 if there is no homoplasy in a
tree). Retention Index is a supplementary measure of homoplasy, where the maximum possible
number of changes on a tree minus the actual number of observed changes is divided by the
maximum possible number of changes on a tree minus the minimum number of observed
changes in a dataset.

4.5. Results
4.5.1. Parsimony analyses
46 characters were removed by TNT as uninformative for the maximum parsimony
analyses. The remaining characters and their polarities are described below. None of the three
datasets analyzed here (Complete, Nerves Only, Nerve/Muscle/Vasculature interaction)
recovered a most parsimonious tree that matched the commonly regarded primate molecular
phylogeny. As no combination of characters provided a single most parsimonious tree, the
Majority Rule trees are displayed for each analysis. See Appendix 2 for character matrix.
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Complete dataset

Figure 4.2. Resultant Majority Rule tree obtained from the complete data set (99 characters),
with Rattus rooted as the terminal outgroup and Cynocephalus as the sister taxon to Primates.
TBR = 342, CI = 0.33, RI = 0.56, average clade bootstrap support = 23.3. Note that the tree does
not reflect the commonly found molecular phylogeny for primates but does recover several wellsupported clades. This tree does not represent the strict consensus phylogeny. Arrows indicate
clade synapomorphies.
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Character
numbers

Clade

Reconstructed synapomorphies

Primatomorpha

C7 primarily forms lateral cord in high frequency (75-100%) [0→3], Radial
nerve arises from all roots contributing to brachial plexus [0→1]

22, 59

Primates

True lateral cord absent [1→0], upper subscapular nerves branch from dorsal
division of upper and middle trunks [0→1]

19, 50

Anthropoidea

True lateral cord present [0→1], C7 primarily forms lateral cord in rare
frequencies (0-24%) [3→0],

19, 22

Hominoidea

C5 does not only contribute to suprascapular nerve [1→0], true posterior cord
present [0→1], C7 primarily forms lateral cord in rare frequencies (0-24%)
[3→0], axillary nerve branches from dorsal division of C5-8 [1→2], median
nerve pierces the pronator teres muscle between two proximal heads [0→1]

12, 18, 22,
69*, 81

Hominidae

High frequency of C4 contribution (75-100%) [0→2], three true cords [1→2],
medial and pectoral nerves represent all roots of brachial plexus [0→1], ulnar
nerve pierces the dorsoepitrochlearis muscle [0→1]

2, 17, 46,
93

Pan + Homo

Axillary has a pseudoganglion on branch to teres minor [0→1], gangliform
enlargement at junction of radial and posterior interosseous nerves [0→1]

Hylobatidae

No true lateral cord [1→0], no true medial cord [1→0], no true
musculocutaneous nerve [1→0], subclavian nerve root origins from C5 [3→2],
ulnar and median nerves split in proximal 1/3rd of arm [0→1], musculocutaneous
nerve does not arise as a single branch [1→0], axillar nerve root origins from C58 [1→2], upper subscapular nerve root origins from C5-8 [1→2],
musculocutaneous nerve pierces the coracobrachialis muscle in rare frequency
(0-24%0 [1→0], two and half digits supplied by median nerve [1→0]

54, 67*
19, 20, 34,
44, 58, 60,
68*, 70*,
83, 87*

Table 4.4. Unambiguous synapomorphies for selected groups recovered in the maximum
parsimony analysis (Majority Rule tree) using the Complete dataset (n=99 characters). No
ambiguous character state changes listed. Only clades supported both in molecular phylogenies
and the MRT from this study are included here. → indicates transition from one character state
to another, e.g., [1→0] denotes an unambiguous character state change from 1 to 0 in the listed
clade. * = characters derived from Gibbs et al., (2000). t = character derived from Gibbs, (1999).
Maximum parsimony analysis of the “Complete” dataset (99 characters) recovered four most
parsimonious trees, which were concatenated into a Majority Rule tree where only nodes found
in all retained cladograms were preserved. The Majority Rule tree recovers several sister taxa
relationships found in molecular analyses but does not accurately recover the monophyly of most
well-established taxonomic groups. Primatomorpha and Primates are forced by the analysis, but
Strepsirrhini is not recovered as monophyletic and Tarsius is grouped as the sister taxon to
Lepilemur. Lemur and Eulemur are recovered as sister taxa by four unambiguous character state
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changes, two of which relate to the morphology of the radial nerve. Anthropoidea is supported
by the formation of a true lateral cord that does not primarily form from C7, while primates
recovered as more plesiomorphic (e.g., Nycticebus and other lemurs) primitively have no true
lateral cord (Character 19), reflective of a lack of strong C5 contribution to the strepsirrhine
plexus. However, within Anthropoidea, Catarrhini is not recovered as a monophyletic group, as
Hominoidea is found nested within a poorly resolved platyrrhine clade. Cercopithecoidea is
recovered as paraphyletic, with Mandrillus basal to a Semnopithecus (Macaca, Miopithecus)
clade plus the successive branching of Papio, Cercopithecus, and Colobus, followed by a
paraphyletic Platyrrhini + Hominoidea. Few platyrrhine clades are recovered in positions that are
also found in molecular analyses. Hominoidea is recovered as a monophyletic group with
Hylobatidae as the sister group to Hominidae with characters related to an increased
cranialization of the brachial plexus, the formation of a true posterior cord, and the interaction of
the median nerve in the forearm with the pronator teres muscle. Hominidae is held together with
further cranialization of the brachial plexus, including a near-constant contribution from C4.
However, within Hominidae, Pongo is found as its outgroup to a Pan-Homo clade, contrary to
molecular studies which recover Gorilla as the sister taxon (e.g., Perelman et al., 2011) based on
two relatively weak nerve/muscle interaction characters. Pan and Homo are grouped by
characters describing two pseudoganglia that arise from the posterior cord. Hylobatidae exhibits
more unambiguous synapomorphies than any other clade (10), mainly relating to the clade’s
tendency to exhibit a fused anterior cord rather than distinct medial and lateral cords.
The characters used in this analysis do not preserve the same phylogenetic signal as either
molecular data or combined head/neck/upper limb muscular characters on a fine scale in any
clade other than the highly specialized hominids and hylobatids. However, as an aspect of this
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study is also to relate form of the brachial plexus to potential functional adaptations, some
partially gradistic conclusions may be drawn.

Nerves only data set

Figure 4.3. Resultant majority rule tree obtained from the partial ‘Nerves Only’ dataset (71
characters), with Rattus rooted as the terminal outgroup and Cynocephalus as the sister taxon to
Primates. Note that few molecularly supported clades are recovered in this analysis.
The resultant Majority Rule tree from the “Nerves Only” dataset preserves significantly
fewer monophyletic groups than the “Complete” dataset, with only Hominoidea recovered, and
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several unresolved polytomies throughout the tree. As with the Complete dataset, Hylobatidae
and Hominidae are found as sister groups embedded within Platyrrhini, which itself is largely
unresolved. Nycticebus is found as the outgroup to all other primates, as also observed in the
Complete dataset. Anthropoidea is again preserved, though Haplorrhini is not.

Nerve/muscle/vasculature interactions dataset

Figure 4.4. Resultant majority rule tree obtained with the partial ‘Nerve/Muscle/Vasculature
interaction’ dataset, with Rattus rooted as the terminal outgroup and Cynocephalus as the sister
taxon to Primates.
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The resultant Majority Rule tree from the “Nerve/muscle/vasculature interactions”
dataset does not recover any commonly accepted sister group relationships with the exception of
the hylobatids.

4.5.2. Clade synapomorphies
Clade synapomorphies are assessed on the most majority rules parsimony tree and full molecular
scaffold.
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Molecular scaffold clade synapomorphies

Figure 4.5. Clade synapomorphies mapped onto a molecular scaffold from Perelman et al.,
(2011). Bolded numbers indicate unambiguous synapomorphies. TBR = 371, CI = 0.259, RI =
0.448.
As the dataset used here did not recover a most parsimonious tree that matched any
recent molecular phylogeny, and as the molecular phylogeny for most primate groups is well
understood and widely accepted, a molecular scaffold was employed to map character evolution
following Perelman et al., (2011). Numerous unambiguous character state changes are found on
the branches leading to and within Hominoidea, particularly the branch leading to Hylobatidae,
signifying a large amount of brachial plexus and forelimb evolution in these clades. Fewer
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unambiguous synapomorphies are noted for all other clades, particularly in the cercopithecoid
lineage.
Clade

Reconstructed synapomorphies

Unambiguous state changes

2
5
6
2
5
4
4

0
3
1
1
1
1
3

2

0

1
1
4
2
1
1
1
8
6
4
3
16
3

0
0
2
0
1
0
0
6
4
0
1
8
1

Lepilemuridae + Lemuridae

2

1

Lemuridae
Lemurinae
Galigidae

1
6
1

1
3
1

Primatomorpha + Tupaia
Primatomorpha
Primates
Haplorrhini
Anthropoidea
Platyrrhini
Atelidae
Aotidae + Cebidae +
Callitrichidae
Aotidae + Callitrichidae
Cebidae
Catarrhini
Cercopithecoidea
Cercopithecinae
Papionini
Papio + Mandrillus
Hominoidea
Hominidae
Homininae
Pan + Homo
Hylobatidae
Strepsirrhini

Table 4.5. Total accumulated synapomorphic character state changes for each node on the
molecular scaffold analysis. Reconstructed synapomorphies column contains both ambiguous
and unambiguous character state changes. Terminal node taxon autapomorphies not included.
Bolded entries signify values significantly deviated from the primate average.
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Genus
Alouatta
Aotus
Ateles
Cacajao
Callithrix
Cebus
Cercopithecus
Colobus
Cynocephalus
Eulemur
Galago
Gorilla
Homo
Hylobates
Lagothrix
Lemur
Leontopithecus
Lepilemur
Macaca
Mandrillus
Miopithecus
Nycticebus
Pan
Papio
Pongo
Rattus
Saguinus
Saimiri
Semnopithecus
Symphalangus
Tarsius
Tupaia
Varecia

Accumulated
unambiguous changes
leading to node
9
6
9
6
6
6
8
7
3
9
5
17
18
21
9
9
6
6
8
8
8
5
18
8
16
0
6
6
7
21
5
0
9

Number of unambiguous
autapomorphies

Total unambiguous steps

2
3
5
3
2
4
5
8
1
3
3
9
8
0
7
1
4
0
1
4
1
3
3
2
2
0
4
7
1
2
2
5
2

11
9
14
9
8
10
13
15
4
12
8
26
26
21
16
10
10
6
9
12
9
8
21
10
18
0
10
13
8
23
7
5
11

Table 4.6. Number of accumulated changes leading to each terminal taxon node (genus),
including group synapomorphies and genus autapomorphies.
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25
20
15
10
5
0

Gorilla
Homo
Symphalangus
Hylobates
Pan
Pongo
Lagothrix
Colobus
Ateles
Cercopithecus
Saimiri
Eulemur
Mandrillus
Alouatta
Varecia
Cebus
Lemur
Leontopithecus
Papio
Saguinus
Aotus
Cacajao
Macaca
Miopithecus
Callithrix
Galago
Nycticebus
Semnopithecus
Tarsius
Lepilemur
Tupaia
Cynocephalus
Rattus

Total accumulated unambiguous
character state changes

30

Figure 4.6. Total accumulated unambiguous character state changes leading to each terminal
taxon node (genus), including clade synapomorphies and genus autapomorphies.

Clade

Reconstructed synapomorphies

Character
numbers

Primatomorpha
+ Tupaia

Middle trunk present, two true cords present

Primatomorpha

High frequency of T2 contribution (75-100%), C7 primarily forms
lateral cord in high frequencies (75-100%), median nerve receives
medial and lateral heads from respective cords, radial nerve arises
from all nerve roots, ulnar nerve root origins from C8-T2

Primates

C7 alone forms the middle trunk, lateral cord absent (ambiguous),
thoracodorsal nerve arises from radial nerve, median nerve receives
fibers from all roots contributing to brachial plexus, medial pectoral
nerve does not pierce pectoralis minor, musculocutaneous pierces the
coracobrachialis muscle in minor frequencies (25-49%)

Haplorrhini

Three trunks, upper trunk present

Anthropoidea

Upper trunk present, true lateral cord present, generally two or three
upper subscapular nerves, thoracodorsal nerve root origins from C7-T1,
axillary nerve root origins from C5-7, ulnar nerve root origins from either
C8-T1 or C8-T2

Platyrrhini

Rare frequency of T2 contribution (0-24%), C5 primarily contributes to
suprascapular nerve, upper subscapular nerves branch from dorsal
division of combined upper and middle trunks, ulnar nerve root
origins from C8-T1

8, 12, 50, 73

Atelidae

Dorsal scapular nerve does not form in single bundle, generally two
upper subscapular nerves, thoracodorsal nerve arises from lower
trunk, lower subscapular nerve does not innervate subscapularis
muscle

42, 48, 51, 80

Aotidae +
Cebidae +
Callitrichidae

No ansa pectoralis formed, the axillary artery does not pass through the
heads of the median nerve

47, 99
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14, 17

8, 22, 56, 59, 73

16, 19, 51, 57,
77, 83
11, 13
13, 19, 48, 52, 73

Aotidae +
Callitrichidae
Cebidae

Thoracodorsal nerve arises from middle trunk, thoracodorsal nerve root
origins from C8-T1
Generally two upper subscapular nerves

Catarrhini

C5 contributes significantly to plexus, C7 primarily forms a lateral
cord in low frequencies (0-24%), medial and lateral pectoral nerves
contain all brachial plexus roots, musculocutaneous pierces the
coracobrachialis in minor frequencies (0-24%)

Cercopithecoidea
Cercopithecinae
Papionini
Papio +
Mandrillus
Colobinae

Hominoidea

High frequency of T2 contribution (75-100%), ulnar nerve root origins
from C8-T2
Polymorphic origin pattern of dorsal scapular nerve
The axillary artery does pass through the heads of the median nerve
Subscapular nerves branch from dorsal divisions of superior and middle
trunks
Lower subscapular and axillary nerves do not share an origin
Rare frequency of T2 contribution (0-24%), true posterior cord
present, thoracodorsal nerve arises from posterior cord, axillary
nerve branches from posterior cord, the radial nerve does not form
from two heads analogous to the median nerve, ulnar nerve root origin
form C8-T1, median nerve pierces pronator teres between its two
proximal heads, ulnar nerve always innervates medial half of flexor
digitorum profundus

51
48
12, 22, 46, 83

8, 73
42
99
50
71

8, 18, 51, 69*,
72, 73, 81, 94

Hominidae

High frequency of C4 contribution (75-100%), low frequency of T2
contribution (0-24%), three true cords present, musculocutaneous
nerve pierces the coracobrachialis muscle in high frequencies (75100%), median nerve supplies three and a half digits, ulnar nerve
pierces the dorsoepitrochlearis

2, 8, 17, 83, 87*,
93

Homininae

C7 contributes to medial cord at <50% frequency, Polymorphic origin
pattern of dorsal scapular nerve, long thoracic nerve root origins most
commonly from C5-7, axillary nerve root origins from C5-7

23, 42, 45, 68*

Pan + Homo

Upper subscapular nerves branch from posterior cord, axillary nerve has
pseudoganglion on branch to teres minor, gangliform enlargement at
junction of radial and posterior interosseous nerves

Hylobatidae

True lateral cord absent, true medial cord absent, C7 contributes to
lateral cord in low frequencies (0-49%), moderate to high frequency of
medial/lateral cord fusion (50-100%), true musculocutaneous nerve
does not form, subclavian nerve root origin from C5, no ansa
pectoralis formed, upper subscapular nerves arise from posterior cord,
median and ulnar nerves split in proximal 1/3rd of arm,
musculocutaneous does not form as a single branch, median and ulnar
nerves generally anastomose distal to their original splitting point,
axillary nerve root origins from C5-8, median nerve supplies two and a
half digits, upper subscapular nerve root origin from C5-8, ulnar
nerve does not provide partial innervation to flexor pollicis brevis,
axillary artery does not pass through heads of median nerve

19, 20, 21, 24,
34, 44, 47, 50,
58, 60, 63, 68*,
70*, 87*, 89, 99

Strepsirrhini

Two trunks present, true lateral cord not generally present, long thoracic
nerve root origins most commonly from C6-7

11, 19, 45

Lepilemuridae +
Lemuridae
Lemuridae

Dorsal scapular nerve root origins from C7, median nerve does not
form from medial and lateral cords
Ulnar nerve root origin from C8-T1 or C8-T2 in equal frequencies

366

50, 54 t, 67*

44, 56
73

Lemurinae

Dorsal scapular nerve arises form C4, median nerve does not receive
medial and lateral heads from respective branches, median nerve does
not receive fibers from all branches of brachial plexus, radial nerve
does not arise from all roots contributing to brachial plexus, upper
subscapular nerve root origins from C5-8, the radial nerve does not
form from two heads analogous to the median nerve

Galagidae

Dorsal scapular nerve does not form in single bundle

43, 48, 57, 59,
70*, 72

42

Table 4.7. Reconstructed synapomorphies for each clade based on character tracing across a
forced molecular scaffold. Bolded descriptions and numbers represent unambiguous character
state changes for the clade. * = characters derived from Gibbs et al., (2000). t = character derived
from Gibbs, (1999).
4.5.3. Terminal taxon autapomorphies
In this section, I list the autapomorphies possessed by terminal taxa as transitions mapped
onto a molecular scaffold to explore the relationship between the most well-agreed upon primate
phylogeny and character evolution of the forelimb peripheral nervous system. Taxa are listed in
alphabetical order.

Clade
Alouatta

Aotus

Ateles

Cacajao

Reconstructed autapomorphies
Dorsal scapular nerve root contributions from C5-6, no ansa
pectoralis formed, ulnar and median nerve split in proximal
1/3rd of arm
Dorsal scapular nerve root origin from C5, subclavian nerve root
origin from C7, axillary nerve branches from dorsal division of
upper trunk, lateral pectoral nerve does not innervate both
pectoralis major and minor
Two or three trunks in equal frequencies, C7 contributes to
lateral cord in moderate frequencies (50-74%), C7 contributes
to medial cord in moderate frequencies (50-74%), long thoracic
nerve from C6-7, axillary nerve provides some innervation to
teres major, axillary nerve does not exclusively innervate
deltoid
C7 contributes to medial cord in moderate frequencies (5074%), ulnar and radial nerves do not anastomose in arm or
forearm, the radial nerve does not form from a medial and
lateral head analogous to the median nerve
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Character
numbers
43, 47, 58

43, 44, 69*, 76

11, 21, 23, 45,
85, 86*

23, 64, 72

Callithrix

Cebus

Cercopithecus

Colobus

Cynocephalus
Eulemur

Galago

Gorilla

The dorsal scapular nerve does not form in a single bundle,
subclavian nerve root origin from C7, thoracodorsal nerve arises
from dorsal division of inferior trunk, nerve to
dorsoepitrochlearis does not arise from radial nerve
T2 contributes to brachial plexus in minor frequencies (2549%), two or three trunks in similar frequencies, dorsal
scapular nerve does not form in a single bundle, long thoracic
nerve root origin from C5-6, medial and pectoral nerves form from
all heads of brachial plexus, median nerve receives medial and
lateral heads from respective cords, ulnar nerve root origin from
C8-T1 or T2 in equal frequencies
C5 primarily contributes to the suprascapular nerve, C7
contributes to medial cord in minor frequencies (25-49%),
three or four upper subscapular nerve branches, subscapular
nerves arise from dorsal division of combined upper and
middle trunks, thoracodorsal nerve arises from dorsal division
of combined upper and middle trunks
C5 primarily contributes to the suprascapular nerve, C7
primarily forms lateral cord in minor frequencies (25-49%), C7
contributes to medial cord in minor frequencies (25-49%),
subclavian nerve root origins from C4, long thoracic nerve root
origins from C6-8, medial and pectoral nerves do not form from all
heads of brachial plexus, medial and lateral pectoral nerves do
not form an ansa pectoralis, three or four upper subscapular
nerves, thoracodorsal nerve root origin from C8-T2, ulnar and
median nerves split in proximal 1/3rd of the arm, axillary nerve
root origins from C5-8
One upper subscapular nerve, musculocutaneous nerve arises
from C6-7
T2 contributes to brachial plexus in moderate frequencies (5074%), axillary and lower subscapular nerves do not share an
origin, axillary artery does not pierce heads of the median
nerve
Dorsal scapular nerve does not form in a single bundle, axillary
nerve root origins from C5-7, musculocutaneous nerve pierces
the coracobrachialis muscle in rare frequencies (0-24%), two
and a half digits supplied by median nerve
Two trunks, middle trunk absent, C7 alone does not form
middle trunk, C7 contributes to lateral cord in minor
frequencies (25-49%), C7 primarily forms lateral cord in minor
frequencies (25-49%), dorsal scapular nerve does forms in a
bundle at polymorphic frequencies, upper subscapular nerve
branches from dorsal division of superior trunk, thoracodorsal
nerve arises from dorsal division of lower trunk, thoracodorsal
nerve root origins from C5-8, musculocutaneous nerve pierces
coracobrachialis in low frequencies (0-24%), ulnar nerve does
not provide some innervation to flexor pollicis brevis
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42, 44, 51, 78

8, 11, 42, 45,
46, 56, 73

12, 23, 48, 50,
51

12, 22, 23, 44,
45, 46, 47, 48,
52, 58, 68*

48, 61
8, 71, 99

42, 68, 83, 87*

11, 14, 16, 21,
22, 42, 50, 51,
52, 83, 89

Homo

C4 contributes to the brachial plexus in moderate frequencies
(25-74%), dorsal scapular nerve root origins mainly from C5,
median and ulnar nerves anastomose in polymorphic
frequencies, upper subscapular nerve root origins from C5-6,
axillary and lower subscapular nerves do not share an origin,
medial pectoral nerve pierces pectoralis minor, nerve to
dorsoepitrochlearis does not arise from the radial nerve, ulnar
nerve does not pierce dorsoepitrochlearis

Hylobates

True medial cord not formed

Lagothrix

Lemur

Leontopithecus

Lepilemur
Macaca

2, 43, 63, 70*,
71, 77, 78, 93

20

C5 does not primarily contribute to suprascapular nerve, C7
primarily forms the lateral cord in moderate frequencies (5074%), subclavian nerve root origins from C5, long thoracic
nerve root origins from C5-6, medial and lateral pectoral nerves
does not represent all brachial plexus roots, thoracodorsal nerve
branches from dorsal division of middle trunk, thoracodorsal
nerve root origins C8-T1, musculocutaneous nerve root origins
from C5-6, axillary nerve branches from dorsal division of
upper trunk
Medial and pectoral nerves form from all heads of brachial plexus,
inferior subscapular nerve does not provide partial innervation
to subscapularis muscle
C5 does not primarily contribute to suprascapular nerve, C7
primarily forms the lateral cord in moderate frequencies (5074%), long thoracic nerve root origins from C5-6, two upper
subscapular nerves, thoracodorsal nerve root origins from C5-8,
medial pectoral nerve generally pierces pectoralis minor muscle
Thoracodorsal nerve root origins from C8-T2
T2 contributes to brachial plexus in moderate frequencies (5074%), Dorsal scapular nerve root origins from C5-6, two upper
subscapular nerve branches, thoracodorsal nerve root origins from
C5-7

Mandrillus

Two or three trunks in equal frequencies, C7 contributes to
medial cord in minor frequencies (25-49%), dorsal scapular
nerve does not form in a single bundle, medial pectoral nerve
generally pierces pectoralis minor

Miopithecus

T2 contributes to brachial plexus in minor frequencies (2549%), ulnar nerve root origins from C8-T1/2 in equal frequencies

Nycticebus

Thoracodorsal nerve arises from the dorsal division of the
middle trunk, thoracodorsal nerve root origins from C7-T1,
axillary nerve branches off dorsal division of upper trunk,
axillary artery does not pierce heads of median nerve

Pan

C7 primarily forms lateral cord in moderate frequencies (5074%), three ventral trunks form anterior cord rather than
medial/lateral cords in minor frequencies (25-49%), dorsal
scapular nerve forms in a single bundle in polymorphic
frequencies, inferior subscapular nerve does not provide partial
innervation to the subscapularis muscle

Papio

Long thoracic nerve root origins from C5-6, musculocutaneous
and median nerves anastomose in arm or forearm
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12, 22, 44, 45,
46, 51, 52, 61,
69*

46, 80

12, 22, 45, 48,
52, 77
52
8, 43, 48, 52

11, 23, 42, 77

8, 73

51, 52, 69*, 99

22, 24, 42, 80

45, 62

Long thoracic nerve root origins from C5-6, upper subscapular
nerves arise from dorsal division of combined upper and
middle trunks
C4 contributes to brachial plexus in high frequencies (75-100%),
T2 contributes to brachial plexus in moderate frequencies (5074%), 3 or 4 trunks

Pongo
Rattus

Saguinus

Saimiri

Semnopithecus
Symphalangus
Tarsius

Tupaia

Varecia

Dorsal scapular nerve root origins from C4, subclavian nerve
root origins from C5, long thoracic nerve origins from C6-8,
medial and pectoral nerves form ansa pectoralis, radial nerve
forms from medial and lateral head analogous to the median
Medial pectoral nerve not consistently present, dorsal scapular
nerve root origin from C5, subclavian nerve root origins from
C4/5, long thoracic nerve root origins from C6-8, ulnar and
median nerves split in proximal 1/3rd of arm, radial nerve
arises from all roots contributing to brachial plexus,
musculocutaneous nerve does not arise from a single branch of
the lateral cord, musculocutaneous nerve root origins from C56
Dorsal scapular nerve does not form in a single bundle, dorsal
scapular nerve root origins from C5-6
Medial and pectoral nerves do not form from all heads of brachial
plexus, one upper subscapular nerve, median nerve does not
receive medial and lateral heads from respective cords
Two trunks, dorsal scapular nerve does not form in a single
bundle, median nerve pierces heads of pronator teres
Brachial plexus does not pass through interscalene triangle,
dorsal scapular nerve does not form in a single bundle, dorsal
scapular nerve root origin from C4, thoracodorsal nerve root
origins from C7-T1, musculocutaneous nerve does not arise as a
single branch from the lateral cord, musculocutaneous nerve
from C5-6, upper subscapular nerve root origins from C5-6, ulnar
nerve root origins from C8-T1
Three trunks, superior trunk present, medial and pectoral nerves
form from all heads of brachial plexus, axillary nerve root origins
from C5-7

45, 50
2, 8, 11

43, 44, 45, 47,
72

28, 43, 44, 45,
58, 59, 60, 61

42, 43
46, 48, 56
7, 42, 81

10, 42, 43, 52,
60, 61, 70, 73

11, 13, 46, 68 t

Table 4.8. Reconstructed terminal taxon (genus level) autapomorphies resulting from character
distribution on a forced molecular scaffold. Bolded text indicates an unambiguous character
transition. * = characters derived from Gibbs et al., (2000). t = character derived from Gibbs,
(1999).
4.6. Discussion
The neural, neuromuscular, and nerve/muscle/vasculature interaction characters
described here do not perfectly recover the same phylogenetic signal found by analyses of either
molecular (e.g., Chatterjee et al., 2009; Perelman et al., 2011; Pozzi et al., 2014) or muscle
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characters (e.g., Diogo and Wood, 2011), though the Complete dataset recovers a higher number
of commonly accepted clades than the other data iterations. Several clades are recovered by the
Majority Rule tree in each data iteration, the hominoids consistently among them. Lower level
intergeneric relationships commonly recovered in molecular analyses are not consistently found
in these analyses. However, as indicated by the recovery of some commonly accepted clades, the
lack of perfect resolution does not mean that there is no a phylogenetic signal in at least some of
the data. The inability to reconstruct commonly accepted molecular phylogenies could indicate
that the brachial plexus (and the tissues it interacts with) is subject to other selective pressures
that do not necessarily reflect those preserved by the molecules used to assess primate
evolutionary relatedness. As the brachial plexus is a structure that spans two important
anatomical areas, passing from the neck into the forelimb, and as it is a structure evolved to
integrate several discrete units (forelimb and nervous system), its apparent mixed phylogenetic
signal is not entirely unexpected. Therefore, by mapping the characters used here onto a wellaccepted molecular scaffold for primate evolutionary relationships, we are able to better
understand how the brachial plexus has evolved across primates and to assess the levels of
homoplasy within its associated structures more holistically. The following discussion of
characters will be drawn from the results of the molecular scaffold unless otherwise noted.

4.6.1. Broad trends
Despite the relatively even number of genera represented in each major primate group
studied here, there is large disparity in the amount of unambiguous change recovered by the
parsimony analyses, suggesting that not all clades have undergone a similar amount of upper
limb peripheral nervous system and neuromuscular evolution (see Figs 4.5, 4.6; Tables 4.6, 4.7,
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4.7). A total of 94 character state changes are made in the clades leading to terminal taxon nodes
among all taxa, with 56% coming from characters related to terminal nerve morphology or root
origin, though these categories also make up >50% of the total 99 characters. Most observed
differences in total terminal nerve number result from only two nerve complexes: the upper
subscapular and the musculocutaneous nerves. Diogo and Wood (2011) demonstrated that
phylogenetically plesiomorphic groups generally have more muscles than more derived taxa
(e.g., strepsirrhines range from 127-139 distinct head/neck/pectoral/upper limb muscles, while
Pongo ranges from 117-119 muscles for the same regions). This trend is not generally borne out
with the nerves of the upper limb, in which primates in each family possess identical numbers of
terminal nerves, with only a few derived taxa strongly deviating from the normal morphology.
This discrepancy is not surprising when considering that a nerve generally innervates a group of
muscles rather than a single muscle in the limbs, and that the proximal formation of a nerve is
not necessarily affected by the its distal distribution. The difference between numbers of muscles
and relative lack of difference in numbers of nerves among taxa is not well-understood, though it
is likely due to a different evolutionary constraints and different developmental regimes that
have not been fully explored (See Chapter 2 for discussion on our current understanding of limb
and nerve development).
When total accumulated unambiguous changes for the major primate groups are
considered (i.e., both clade synapomorphies and terminal node autapomorphies), the six genera
in Hominoidea appears to have undergone the most change in the forelimb peripheral nervous
system (Figure 4.5, Table 4.5). Hominoids exhibit 135 unambiguous transitions from root to
terminal nodes, which is more than Platyrrhini (10 genera, 110 unambiguous transitions),
Cercopithecoidea (seven genera, 76 unambiguous transitions), and Strepsirrhini (seven genera,
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60 unambiguous transitions), despite the more exclusive taxonomic clade rank. These results are
in contrast with most reported rates of molecular evolution for primates (e.g., Moorjani et al.,
2016), where platyrrhines are found to have a higher rate of molecular evolution than
cercopithecoids, and that cercopithecoids have a higher rate than hominoids (i.e., the hominoid
rate-slowdown hypothesis cf. Goodman et al., 1985; Li et al., 1987; Li et al., 1996), though the
extent to which these differences are directly comparable is not clear. However, when
considering the unambiguous accumulated change in each genus, there is no clear trend within
each clade relative to size or locomotor mode, and therefore no discrete functional signal that
spans all primate groups. Some of the more arboreal taxa from each clade have a high number of
accumulated changes when compared to their closely related, more terrestrial counterparts, but
this pattern is not constant. For example, Colobus (15) has more unambiguous accumulated
changes than Papio (10), but also a greater number than the more closely related (and generally
more terrestrial) colobine Semnopithecus (8). Furthermore, the least arboreal of the apes (Gorilla
and Homo) have more accumulated changes than all other taxa with 26 each. Possible
explanations for these observations are discussed below. The molecular scaffold character
analysis shows a significant amount of homoplasy (CI = 0.259, RI = 0.448) through the tree,
indicating that a number of characters are being lost and gained repeatedly among the primates.
The possible functional significance of these character transitions is not well-understood.

4.6.2. Clade specific trends in brachial plexus morphology and evolution
All mammals except the genera Choloepus, Bradypus, and Trichechus normally have
seven cervical vertebrae, and likewise possess a similar shared brachial plexus configuration
centered around the cervico-thoracic transition (Giffin and Gillett, 1996; Galis, 1999; Hautier et
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al., 2010; Hirasawa and Kuratani, 2013). Thus, some researchers have characterized a “typical”
mammalian brachial plexus as having four to five spinal nerve roots, with three central roots (C7,
C8, and T1) and variable additional cranial or caudal contributions that typify different clades in
terms of presence/absence and in relative axonal contribution (Hirasawa and Kuratani, 2013; Ma
et al., 2010). Hirasawa and Kuratani (2013) propose a caudal “downshift” of the brachial plexus
in mammals, whereby elements have been added to the structure seen in more plesiomorphic
tetrapods along with the increase in cervical vertebrae number. This downshift has resulted in the
relatively rare occurrence of a C4 or C5 contribution and the high frequency of T2 contributions
in some clades (e.g., Carnivora, Artiodactyla), a condition which has likely evolved multiple
times. However, it is worth noting that the brachial plexuses of the most plesiomorphic extant
mammals (Monotremes) exhibit rudimentary connections from both C4 and T2, which suggests
the “Scala Naturae” linear progression towards the primate form advocated by some researchers
(e.g., Harris, 1939) does not accurately capture the evolution of this structure. Overall, the
structure of the brachial plexus in primates, and mammals in general, is remarkably consistent,
suggesting a strong stabilizing selection for maintaining its plesiomorphic morphology. Yet there
are some consistent characteristics that define each clade. Clade specific synapomorphies and
genus level autapomorphies are depicted on a molecular scaffold in Figure 4.5 and listed in Table
4.6, 4.7, and 4.8.
Although the predicted basal condition of the mammalian brachial plexus condition is
currently unresolved due to lack of pertinent research, there are clearly observable grade shifts
away from the plesiomorphic Euarchontan morphology in Primates. The plesiomorphic postfixed Euarchontan condition is preserved near the base of the tree on the lineage leading to
Primatomorpha (Cynocephalus + Primates), which is defined by characters related to a high
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frequency of T2 contribution and general emphasis on caudally originating nerve roots. Basal
primate synapomorphies relate to an increased incorporation of nerve roots into the median
nerve, the primary innervation for the majority of the forearm and digital flexors, which are
integral to dexterous navigation of arboreal habitats. Additional primate synapomorphies relate
to a diversification of the medial and lateral segments of the plexus into separate elements. The
node for Primates exhibits six synapomorphies, demonstrating a moderate amount of change in
the split from the common ancestor shared with colugos, though only one of the character state
changes is unambiguous. The ambiguity is likely the result of the derived upper limb anatomy of
colugos away from what is thought to be a more basal form exhibited by Tupaia or Rattus and
could potentially be resolved by incorporating Lagomorpha as an additional outgroup paired with
Rattus in further analyses. Colugos are morphologically distinct in many ways when compared to
primates or rodents, having relatively elongated necks and enlarged cervical plexuses
(Kawashima et al., 2012). The dermopteran derivation from the primitive condition for
Euarchonta makes their molecularly supported position as the outgroup to Primates problematic
for determining the primitive morphology of the brachial plexus, as tetrapods with elongated
necks tend to have a reduced number of plexus contributions (Giffin and Gillett, 1996).
Regardless, the plesiomorphic condition for the primate brachial plexus is predicted to be
generally similar to that observed in Strepsirrhini, with a low frequency of C5 contribution
resulting in a small or absent upper trunk, a poorly differentiated lateral cord primarily forming
from C7, and a strong contribution from T2 to the lower trunk.
Strepsirrhines maintain many plesiomorphic brachial plexus characteristics, including an
increased propensity for combined cord elements, a preservation of higher T2 contribution
frequencies, and a lower relative importance of C5 or other cranially oriented nerves. The

375

haplorrhine primates exhibit a greater differentiation of the brachial plexus elements into three
true trunks as their basal condition and have a distinct upper trunk with strong contribution from
C5. Anthropoid primates continue the trend toward pre-fixation, with more clearly differentiated
lateral segments away from a common bundle, though the evolution of T2 contribution and its
importance to the terminal plexus nerves is ambiguous. Of the strepsirrhines, the lineage leading
to Lemurinae (Varecia + [Lemur + Eulemur]) after its separation from Lepilemur contains the
highest number of character transitions, though only three of the six are unambiguous.
Cercopithecoid primates either maintain, or in an equally parsimonious scenario, reevolve a high frequency of T2 contribution and its contributions to the ulnar nerve. There are
otherwise remarkably few unambiguous synapomorphies that align the different cercopithecoid
clades, and the majority of character state changes within the clade, both ambiguous and
unambiguous, occur as autapomorphies for terminal nodes. Of the terminal genera, Colobus
presents with 11 character state changes, eight of them unambiguous, suggesting it has
undergone a significant amount of forelimb neural evolution when compared to other colobines
or cercopithecines sampled here.
Both Platyrrhini and Hominoidea become less post-fixed by losing the plesiomorphic
character for high frequency of T2 contribution, perhaps due to the independently evolved
specializations for arboreality, though the phylogenetic position of the loss is ambiguous (see
below). Unlike Hominidae, however, even the most highly arboreal platyrrhines do not evolve a
high frequency of C4 contribution despite several other points of morphological convergence,
but instead maintain a generalized brachial plexus morphology. Platyrrhines appear to have
evolved a more diffuse innervation pattern of their subscapularis muscle, as the upper
subscapular nerves branch from several segments, though the functional significance of this is
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not easily understood. Additionally, several platyrrhine clades are defined by character state
changes related to the thoracodorsal nerve, which innervates the latissimus dorsi muscle, an
important forelimb adductor used often in climbing. The lineage leading to Atelidae has the most
unambiguous synapomorphies for any platyrrhine group observed here, and Lagothrix has the
most unambiguous autapomorphies along with Saimiri (seven each) for any individual
platyrrhine genus. As a group, the genera within Atelidae have more unambiguous changes
leading to their terminal nodes than all other platyrrhines, a perhaps intuitive result given the
high degree of limb specialization in the group.
The amount of change present on the lineage to and within the hominoid primates is
notable, particularly when compared to other clades of similar taxonomic rank. The lineage
leading to Hominoidea cumulatively presents with the second highest number of unambiguous
character state changes (six). The majority of the unambiguous character state changes relate to
the formation of a true posterior cord, which is not observed in other primate taxa. The reduction
in contribution frequency of T2 is notable, but not a certain synapomorphy as it is also reduced in
platyrrhines relative to the higher frequency seen in cercopithecoids and lemurs. Only the more
exclusively ranked lineage to Hylobatidae (post its split with the Hominidae) presents with a
greater number of unambiguous changes at eight.
In the Hominidae, we observe a high frequency of contributions from C4 to the superior
aspect of the plexus, three true cords, and several novel nerve/muscle interactions. The low rate
of T2 contributions and high rate of C4 contributions corroborate the observations of several
researchers (e.g., Miller, 1934; Harris, 1939) who posit that the hominoid brachial plexus
receives a higher proportion of cranial derived spinal roots due to the increased emphasis on
shoulder musculature in movement when compared to non-hominoids, particularly in relevance
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to the increased deltoid muscle mass. It is possible that the increased muscle mass correlates to
more motor units, which each necessitate individual neural connections. The simplest way to
deal with this may perhaps be the recruitment of nerves from a higher or lower (e.g., C4 or C6)
spinal cord level, as a finite number of axons can exit from any given intervertebral foramen due
to the bony size restrictions, though this hypothesis is currently untested and is beyond the scope
of this work. The great apes appear unique within primates, and indeed among other mammals,
in their highly consistent frequency of C4 contribution. In contrast, the hylobatids appear to have
preserved the plesiomorphic primate condition and do not present C4 contributions in any
significant frequency. Within the great apes, modern humans have reduced the frequency of C4
contributions to the brachial plexus to being present in only ~30% of individuals, derived from
the common ape condition of presence in 75-100% of individuals. As Pan maintains a high
frequency of C4 contribution, this character appears to only have been reduced in Homo since
the split from our last common ancestor with Pan. These results may suggest that hylobatids and
The Subfamily Homininae presents relatively little evolution of the upper limb peripheral
nervous system, with only a single unambiguous character state change on the lineage leading to
the Pan/Homo clade. However, there are eight unambiguous changes leading to Homo, and only
three to Pan, suggesting that the majority of the neural evolution in the human lineage occurred
after the Pan/Homo split, concurrent with several other unrelated measures of central nervous
system evolution (e.g., Barger et al., 2012; Miller et al., 2012; Spocter et al., 2012). According to
the number of neural character state changes, humans have had a higher rate of evolution in the
upper limb than Pan, perhaps in relation to our transition to bipedality or directional selection for
manual dexterity. Diogo and Wood (2011) also find that Homo has accumulated more
phenotypic changes to muscle characters than Pan since the last common ancestor, and that both
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taxa have more accumulated changes than Gorilla since these lineages diverged. The findings of
this study only partially support their claims, as Pan is indeed found to have fewer unambiguous
autapomorphies than Homo. However, Gorilla is found to have nine unambiguous
autapomorphies, higher than the eight of Homo or the three for Pan, though the regions under
selection for change appear to be different in all clades.
The highest number of neural character state changes observed here occurs on the lineage
leading to the hylobatids, with eight unambiguous and an additional eight ambiguous
synapomorphies. Most of the unambiguous character state changes can be attributed to the lack
of a true medial or lateral cord, and the formation of an ‘anterior’ cord. This drastically alters the
gross morphology of the hylobatid brachial plexus and is the most common morphotype
observed in both Hylobates and Symphalangus, though microdissection shows that nerve bundles
still roughly exist within the neural fascia (Koizumi and Sakai, 1995). Both Hylobates and
Symphalangus possess highly derived forelimbs adapted for ricochetal brachiation (Usherwood
et al., 2003), and consistently present a unique morphology of three-or-more small n.
musculocutaneous branches rather than the commonly observed singular branch of all other
primates. The functional implication of this morphology (if any exists) is difficult to ascertain,
particularly as the role of central pattern generators and gross nerve structure on primate
locomotion is not well-understood.

4.7. Conclusion
In the final sentence of their paper demonstrating the ability of soft tissues to recover the
hominoid molecular phylogeny, Gibbs et al., (2000) call for the investigation of different soft
tissue systems to determine if phylogenetic signal varies by type and/or body region. Several
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researchers have heeded this call and increased resolution from the original Gibbs et al., (2000)
dataset by adding to the list of informative characters for reconstructing primate phylogenies
(e.g., Diogo and Wood, 2011). By assessing both potentially integrated regions (e.g., head and
neck, limbs) and discrete tissue systems (e.g., muscle, nerves), we can begin to address how
evolution affects multiple aspects of an organism. If characters derived from any of these tissues
broadly mirrors the pattern of molecular evolution, it could indicate that either the anatomical
complex or tissue type used for the study has evolved congruently with other aspects of a taxon.
If systematic study of a complex or tissue type does not reveal an evolutionary pattern congruent
with molecular analyses, then this could suggest a form of selection is at play.
The upper limb neural tissue characters described here do not consistently recover the
same evolutionary signal that is commonly regarded as the most likely inter-generic relationships
among primates found through molecular analyses (Arnold et al., 2010; Perelman et al., 2011) or
other soft tissues (e.g., Gibbs et al., 2000; Diogo and Wood, 2011). Instead, the nerve-specific
characters appear to recover a mixed phylogenetic/functional signal that groups some clades at
the family level with clear synapomorphies but does not provide clear resolution of most subfamily or superfamily relationships. Similarly, forelimb characters derived from muscle tissue
(Diogo and Wood, 2011) recover major sister relationships within primates (e.g., Tarsius as the
sister to anthropoid primates, platyrrhines as sister to catarrhine primates), but do not
convincingly resolve intra-Family level relationships without the inclusion of characters derived
from the head and neck musculature. The incongruence between the trees recovered by the
neural characters described here does not necessarily negate their usefulness, and instead may
indicate rivaling sets of selective forces on integrated but independently derived tissues. As the
developmental pathways of nerve/muscle interactions are currently a subject of study and as of
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yet unresolved in their direct mechanisms of action, the evolutionary differences in development
in different primate groups as a result of heterochrony are not well understood and cannot be
elaborated on as an explanation for the visibly different morphological traits in the forelimb.
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Chapter 5 - Rate and tempo of evolution in the primate brachial plexus
5.1. Abstract
The previous chapter demonstrated that the amount of brachial plexus and forelimb
related neuromuscular evolution is not evenly distributed across all clades of primates, and that
some groups, particularly the apes, appear to have undergone significantly more evolution in this
region than the other taxa observed for this study. However, the rate and timing of these changes
remain unexplored. In this chapter, I combine molecular divergence dates with the phylogenetic
information on character state changes from Chapter 4 of this thesis to determine the rate and
tempo of primate brachial plexus evolution among and within clades. The results demonstrate a
strongly heterogeneity in forelimb evolution within primates, particularly within hominoids
where high rates of evolution along most lineages and their terminal taxa have resulted in
divergent forelimb morphologies and locomotor proclivities. The rate of evolution in all primates
is not constant, but rather is higher in taxa that have undergone divergence in locomotor pattern
from their sister taxon. Taxa that exhibit some degree of suspensory behavior or are proposed to
have recently diverged from a suspensory ancestor exhibit the highest rates of forelimb
peripheral nervous system evolution.

5.2. Introduction
Multiple lines of evidence suggest heterogeneity in primate evolutionary rates both
within and among clades, including reported differences in coding and non-coding DNA
(Gillooly et al., 2005; Peng et al., 2009), skeletal and branchial muscles (Diogo et al., 2013),
speciation (Herrera, 2017), body mass and rates of ontogeny (Leigh and Shea, 1995; Grabowski
and Jungers, 2017), life history traits (Langergraber et al., 2012; Pontzer et al., 2016), and brain
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growth and development (Huttenlocher et al., 1997; Leigh, 2004). The determination of rates of
evolution is critical for understanding the selective pressures that an anatomical system, tissue
type, segment of genetic code, or whole organism has experienced, and is therefore often
informative of relative importance in an organism’s evolutionary history (Eldredge and Gould,
1972). Taken together, these studies suggest a rich diversity in evolutionary patterns and
pressures affecting primate clades both as whole organisms and regarding individual tissue types
and anatomical complexes. However, no studies have directly assessed the rate of evolution for
the macrostructural characteristics of the peripheral nervous system among primate groups
despite its key role in integrating multiple critical body systems.
Primates generally employ a hindlimb driven locomotor regime and rely less on their
forelimbs for propulsion than most mammals, instead using enhanced shoulder and upper limb
mobility to dexterously maneuver through complex substrates and manipulate objects (Kimura et
al., 1979; Demes et al., 1994; Larson, 1998). However, several groups, notably the hominoids
(especially hylobatids), atelids, and some larger strepsirrhines such as Propithecus and Indrii,
employ forelimb driven suspensory behaviors (to varying degrees) that were likely evolved
independently both within and among the higher taxonomic groups (i.e., Hominoidea, Atelidae,
Indriidae) (Oxnard, 1969; Larson, 1998). The structural reorganization of body mechanics and
limb morphology to facilitate a more forelimb-driven style of locomotion are well-documented
and has led to speculation that changes in spinal circuitry may have occurred in the primates due
to an increased emphasis on exploration and manipulation via the forelimb (Kimura et al., 1979;
Reynolds, 1985b; Vilensky and Larson, 1989). Shifts of spinal pattern generators to direct
control through the cerebrum are implicated in such a change, which would allow for greater
behavioral flexibility in forelimb use (Larson and Stern, 2007), though exactly when and how
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quickly these changes may have occurred is not well-understood for most primate clades, as even
some primates with divergent shoulder and limb morphologies maintain similar muscle
activation patterns during locomotion (Larson and Stern, 1989). As the skeletal muscles of the
forelimb are hypothesized to have evolved at different rates among primate groups, with taxa
heavily reliant on forelimb-driven locomotion exhibiting a strikingly high rate of evolution in
these characters (Diogo et al., 2013), the rate of evolution in their neural connection may also be
expected to vary among clades and/or locomotor types.
The peripheral nervous system plays a critical role in facilitating locomotion as the point
of integration between the conductive impulses of the central nervous system and the skeletal
muscle of the pectoral girdle and forelimbs, either through movements consciously generated in
the brain or by central pattern generators that regulate some rote movements within the spinal
cord through interneuronal connections. Its evolution is likely linked to the evolution of both
systems based on its close developmental patterning (Lance-Jones and Landmesser1980; see
Chapter 2 for further discussion of ontogeny and development of the peripheral nervous system).
As Chapters 3 and 4 demonstrate, the forelimb peripheral nervous system has changed both
within and among clades to varying degrees along with the well-documented shifts of limb use
and morphology. Functional metrics also vary along with musculoskeletal differences in
forelimbs, as the muscle recruitment patterns, limb placement, and arm excursion angles differ in
terrestrial quadrupeds, arboreal quadrupeds, and suspensory primates (Larson and Stern, 1987,
1989; Larson, 1994). While this thesis has thus far documented the morphological characteristics
of the brachial plexus in each clade observed here, an evaluation of relative evolutionary rates is
lacking.
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Rates of evolution in adaptive traits are of considerable interest to paleoprimatologists, as
they can be used to infer the relative strength of a selective pressure on morphology. For
paleoanthropologists, rates of evolution inform on where selection for bipedalism and increased
tool use necessitated differential evolution of forelimb and hindlimb away from their
plesiomorphic conditions (cf. Darwin, 1871; Rolian et al., 2010). Given the upregulation of some
genes in the central nervous system in Homo and the apparently derived muscular condition of
the genus (Diogo and Wood, 2011; Miller et al., 2012; Diogo et al., 2018), it could be reasonably
expected that the peripheral nervous system, which integrates the two, may also exhibit an
increased rate and total amount of evolution in Homo compared to Pan. This assumption has not
been tested, though if demonstrated would corroborate evidence of selection for forelimb
specialization in the hominin lineage that has arisen after the last common ancestor with Pan.
With the phylogenetic differences of various primate clades established by Chapters 3
and 4, this study examines the rate of evolution in the primate peripheral nervous system by
comparing the morphological phylogenetic characters from the brachial plexus and its associated
structures with the predicted time of clade origin derived from Bayesian analyses of molecular
data (Arnold et al., 2010). The cumulative amount of unambiguous character change is evaluated
against the time of divergence for each clade and genus available through the dissection and
extensive literature search performed for this study. This chapter aims to build on Chapter 4 to
establish a better understand the evolutionary rates and to assess the heterogeneity in the primate
brachial plexus evolution. A deeper understanding of brachial plexus evolutionary rates within
and among clades will serve to determine if its complexity is purely a function of time depth and
clarify its mode of evolution. If the amount of evolution in the brachial plexus is purely a
function of time since divergence for changes to accumulate, then the most deeply divergent taxa
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should exhibit the highest rate of change. However, if characters are related to functional shifts
in forelimb use, perhaps as a result of expansion to new ecological zones or with novel forms of
locomotion, then we should expect the brachial plexus to exhibit a significantly higher rate of
change in taxa that strongly diverge from their sister clades and/or ancestral condition in
locomotor mode. Additionally, strong trends of heterogeneity in the rate of brachial plexus
evolution among groups may be a signal of differential pressures experienced by primates
relating to their locomotor evolution, with increased pressure for locomotor adaptation in groups
with a high rate. Some possible functional correlations are cautiously hypothesized.

5.3. Materials
Character data for phylogenetic analyses were gathered via primary dissection of 79
specimens and 123 individual plexuses and from the published literature where available (See
Chapters 2-4). Divergence dates were derived from a 50% majority-rule consensus tree
generated by the 10k Trees Project (Arnold et al., 2010; https://10ktrees.nunn-lab.org/) and
visualized in FigTree v1.4.3 (See Figure 5.1). Two data matrices were generated for this segment
of the project. First, a data matrix with all available species and genera listed on the website was
generated (301 individual species from 70 genera). Second, a pruned data matrix was generated
with only the 20 genera available for dissection the previous segments of this study. 10k Trees
outputs are phylogenetic trees generated from Bayesian inference of molecular data with
divergence times.
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Figure 5.1. Bayesian inference molecular phylogeny constructed in FigTree with data from 10k
Trees Project (Arnold et al., 2010) with only taxa available for dissection in this study included.
Branch node numbers indicate estimated divergence time from present in millions of years.
Triangles at terminal nodes indicate multiple species collapsed into single genus. Number inside
triangles indicates number of species per genus included from 10k Trees analysis.
5.4. Methods
A parsimony-based phylogenetic analysis was conducted with 99 characters derived from
brachial plexus morphology and its interactions with associated tissues of the pectoral girdle and
forelimb in 20 genera. Results of the maximum parsimony analysis did not mirror the wellaccepted primate phylogeny, though some clades were consistently recovered in variations of the
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initial analysis. Subsequent analyses using a molecular scaffold were conducted to map character
evolution onto the well accepted primate higher-taxon phylogeny to better understand the
evolutionary that typified clades.
The resultant character state changes associated with each clade, both synapomorphies
and genus autapomorphies, are detailed in Chapter 4. The rate of change for each clade and each
terminal taxon was measured by evaluating the number of character state changes against the
amount of time (in millions of years) since the hypothesized divergence date of two sister taxa
and/or of a higher level taxonomic unit (e.g., Suborder, Parvorder, Family). The rate of both total
possible character state changes (ambiguous + unambiguous) and unambiguous changes only are
reported for each terminal taxon.
As variations exist in the estimated divergence times for different clades and taxa, the
amount of character change was evaluated against multiple sources (see Appendix 3), but only
results from the comparison with 10K Trees phylogenies are reported here, as they are roughly
congruent. Both homoplastic and non-homoplastic characters are considered here and are
included in all analyses as counting towards the total number of unambiguous character changes
between nodes. All divergence date calculations are based at the genus level, as species level
taxonomic distinctions were not practical based on specimen availability during the dissection
phase of this project, though all available species for a genus were included when acquiring the
phylogenies from 10k Trees, as increased species diversity will allow for better estimates of true
clade divergence times. Rates of evolution are reported as number of changes per million years
since the divergence with a sister taxon.
Rates of evolution were assessed against the hypothetical genus split from the most
closely related taxon sampled here and against the hypothetical origin time for genera not
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sampled here but reported elsewhere (e.g., 10k Trees project: Arnold et al., 2010). Both values
are reported because of the deep time gaps between some taxa available for primary dissection,
which could artificially decrease the amount of evolution found in changes per million years as
an artifact of low taxon sampling. For example, as the only two members of Colobinae available
for dissection, Semnopithecus and Colobus are depicted as sister clades in this study though they
are separated by ~15 million years of evolutionary time (Arnold et al., 2010). However, the
actual sister taxon to Semnopithecus is generally agreed to be its fellow Asian colobine
Trachypithecus, which was not available for this study, and from which it is reported to have
diverged some ~3.6 Mya based on molecular findings (Arnold et al., 2010). Thus, the necessity
of placing of Colobus as sister taxon to Semnopithecus would, when used to calculate rate of
change per million years since divergence time, find that the first sister-pairing (Semnopithecus +
Colobus) to have a rate of change roughly five times lower than the second (Semnopithecus +
Trachypithecus). Ideally each analysis would be conducted with data gathered from consensus
sister taxa, but as that is not possible with the current dataset, both values are reported. Because
of the relatively sparse sampling conducted here, and the unknown nature of the evolution of
these structures, it is impossible to determine exactly when the observed changes would have
accumulated along a lineage leading toward a terminal taxon. Further species-level sampling of
the brachial plexus in future projects will contribute to resolving this issue and provide additional
precision for timing sequences of soft tissue evolution.
Linear regression analyses were conducted to assess the correlation between time since
divergence and the amount of unambiguous character state changes at different levels of
taxonomic inclusiveness. Pearson’s correlation coefficient (r) was calculated to assess the
amount and type of correlation within the data, the coefficient of determination (r2) was

389

calculated to better understand the potential influence of time on rate of character evolution, and
tests of significance were conducted with an alpha level of 0.05 to determine the importance of
time since divergence as an explanatory factor for brachial plexus evolution.

5.5 Results
5.5.1. Rates of evolution in lineages leading to crown clades
Both total number and rates of unambiguous change in brachial plexus characters are not
equal among all primate clades (Table 5.1; Figs 5.2, 5.3, 5.4). When considering only
unambiguous character transformations per million years (unless otherwise noted), relatively
little evolution is found to have occurred on the lineage leading to crown Euarchonta (0.00),
while somewhat more is found on the lineage leading to Primatomorpha (0.04). Crown Primates
exhibits low character transformation rates (0.01), as do major groups Haplorrhini (0.01) and
Strepsirrhini (0.01). If both ambiguous and unambiguous changes are considered for crown
Primates, something not unreasonable given the uncertainty in character states at the base of any
newly divergent clade, the lineage leading to Primates has a higher rate of change (0.08) than
Primatomorpha (0.06) and both Haplorrhini (0.03) or Strepsirrhini (0.05). Within Haplorrhini,
the lineages leading to both Tarsiidae (0.03; here represented by only Tarsius sp.) and
Anthropoidea (0.01) have similarly low rates of unambiguous brachial plexus evolution. The
lineages leading to Platyrrhini (0.04) and Catarrhini (0.07) exhibit somewhat higher rates of
evolution in the brachial plexus. Within Platyrrhini, Atelidae (0.20) is an outlier compared to
other clades within the Parvorder (all other clades at 0.00), suggesting relatively larger amounts
of brachial plexus evolution in the lineage leading to the atelids. In Catarrhini, the lineage
leading to Cercopithecoidea (0.00) shows no unambiguous character evolution, and while the
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lineage leading to Cercopithecinae (0.07) exhibits a small rate of change, the line leading to
Colobinae (0.00) exhibits none. Hominoidea (0.31) is an outlier, as are the lineages leading to the
clades within it, particularly Hylobatidae (0.41), with Hominidae (0.26) exhibiting roughly half
as much change. Within Strepsirrhini, only the lineage leading to the subfamily Lemurinae (0.20)
exhibits a moderate rate of brachial plexus evolution.
Broadly, the rate of brachial plexus evolution appears to be slow on the lineages to major
groups leading to crown members of extant clades with the exception of Hominoidea,
Hylobatidae, Hominidae, Lemurinae, and Atelidae. Cercopithecoids collectively do not appear to
have undergone a significant amount of brachial plexus evolution within any clade at the point of
lineage sorting. See Appendix 4, Appendix Table 4.1 for raw data output from linear models.
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Clade
Euarchonta
(Primatomorpha +
Tupaia)
Primatomorpha
Primates
Haplorrhini
Anthropoidea
Platyrrhini
Atelidae
Aotidae + Cebidae
+ Callitrichidae
Aotidae +
Callitrichidae
Cebidae
Catarrhini
Cercopithecoidea
Colobinae
Cercopithecinae
Papionini
Papio + Mandrillus
Hominoidea
Hominidae
Homininae
Pan + Homo
Hylobatidae
Strepsirrhini
Lepilemuridae +
Lemuridae
Lemuridae
Lemurinae
Galigidae

Reconstructed
synapomorphies

Unambiguous
synapomorphies

Estimated
divergence
(Mya)

Changes per
million years
(ambig + unambig)

Changes per
million years
(unambiguous
)

2

0

94.10

0.02

0.00

5
6
2
5
4
4

3
1
1
1
1
3

79.60
73.00
68.84
46.81
22.73
14.76

0.06
0.08
0.03
0.11
0.18
0.27

0.04
0.01
0.01
0.02
0.04
0.20

2

0

20.09

0.10

0.00

1

0

19.48

0.05

0.00

1
4
2
1
1
1
1
8
6
4
3
16
3

0
2
0
0
1
0
0
6
4
0
1
8
1

18.56
30.00
21.41
15.43
14.87
12.85
11.35
19.60
15.13
8.65
6.17
19.60
62.73

0.05
0.13
0.09
0.06
0.07
0.08
0.09
0.41
0.40
0.46
0.49
0.82
0.05

0.00
0.07
0.00
0.00
0.07
0.00
0.00
0.31
0.26
0.00
0.16
0.41
0.02

2

1

33.26

0.06

0.03

1
6
1

1
3
1

20.54
15.01
38.00
Mean
Std. Dev.

0.05
0.40
0.03
0.18
0.20

0.05
0.20
0.03
0.07
0.11

Table 5.1. Number of character state changes for select clades studied here (both ambiguous and
unambiguous) and the estimated divergence date based on a consensus molecular phylogeny of
1000 trees from the 10k Trees Project (Arnold et al., 2010). Changes per million years calculated
for both ambiguous + unambiguous changes and unambiguous changes only. Rates of evolution
more than one standard deviation above the mean above the mean in each category
(unambiguous + ambiguous transitions, unambiguous transitions only) are bolded. Rates of
evolution more than two standard deviations above the mean in each category (unambiguous +
ambiguous transitions, unambiguous transitions only) are bolded and underlined.
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Galigidae

Lemurinae

Lemuridae

Lepilemuridae + Lemuridae

Strepsirrhini

Hylobatidae

Pan + Homo

Homininae

Hominidae

Hominoidea

Papio + Mandrillus

Papionini

Cercopithecinae

Cercopithecoidea

Catarrhini

Cebidae

Aotidae + Callitrichidae

Aotidae + Cebidae + Callitrichidae

Atelidae

Platyrrhini

Anthropoidea

Haplorrhini

Primates

Primatomorpha

Euarchonta (Primatomorpha + Tupaia)

Rate of evolution
0.45
0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

0

Figure 5.2. Rates of brachial plexus evolution as defined by number of character state changes
per millions of years since divergence from split with sister clade. Divergence dates based on
estimated emergence of crown clades from 10k Trees Project (Arnold, 2010).
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Unambiguous changes
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R² = 0.0099

Hylobatidae

7
6

Hominoidea

5
4
3

Hominidae
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2
1
0
0.00
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30.00

40.00
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80.00

90.00

100.00

Divergence date (Mya)

Figure 5.3. Linear regression analysis comparing divergence time and number of unambiguous
character state changes in all primates observed in this study.

Rate of evolution (unambiguous characters)

0.45
Hylobatidae

0.40

R² = 0.1057

0.35
Hominoidea

0.30
0.25

Hominidae
Lemurinae

0.20
0.15

Atelidae
Pan + Homo

0.10
Primatomorpha
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0.00
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90.00

100.00

Estimated divergence (Mya)

Figure 5.4. Linear regression analysis comparing divergence time and rate of character state
changes in all primate clades observed in this study. Divergence dates based on estimated
emergence of crown clades from 10k Trees Project (Arnold, 2010).
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5.5.2. Rates of evolution by genus
The rates of unambiguous change in primates is not equal across all terminal taxa and the
data do not fit a normal distribution. When accounting for strictly unambiguous autapomorphies
that arose post-split with the closest related available sister taxon, Ateles, Colobus, Gorilla,
Homo, and Lagothrix exhibit relatively high rates of evolution, with Gorilla and Homo showing
particularly high rates of evolution at 1.04 and 1.3 changes per million years respectively. In
contrast Pan exhibits a more moderate rate of unambiguous change with 0.49 changes per
million years. When ambiguous changes are considered along with unambiguous changes Pan
also appears to have possibly undergone a moderate amount of evolution in these characters with
0.65 changes/million years.
A linear regression analysis comparing divergence time from sister taxon in millions of
years and number of unambiguous changes (though not rate) in each genus (Figure 5.4)
demonstrates a weak, non-significant (p = 0.22) negative relationship. A coefficient of
determination of r² = 0.0517 was found, indicating only ~5% of the y-axis variation (number of
unambiguous changes per taxon) is explained by the x-axis (time in millions of years). Pearson’s
correlation coefficient (r = -0.22) shows weak negative linear correlation, indicating little of the
variation observed here in number of unambiguous autapomorphies is related to time depth.
Homo, Gorilla, and Lagothrix appear to be extreme outliers, which much higher rates of change
than would be expected given their diversification time if time depth were the sole explanatory
factor of brachial plexus complexity.
Additionally, Ateles, Lagothrix, Colobus, Homo, and Symphalangus exhibit rates much
higher than their sister taxa. The Ateles and Lagothrix sister group has undergone 3.7x the
amount of changes than has their closest outgroup taxon Alouatta since the clades split ~14.76
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Mya. Colobus has undergone over 9x the amount of brachial plexus evolution than
Semnopithecus since their split ~15.43 Mya. Notably, Homo has undergone 2.67x more
evolution in the brachial plexus than Pan since the estimated split ~6.17 Mya. Gorilla has
undergone nearly as much evolution as its sister group of Pan + Homo.

1.40

Rate of change

1.20
1.00
0.80
0.60
0.40
0.20
Cercopithecus
Colobus
Macaca
Mandrillus
Miopithecus
Papio
Semnopithecus
Gorilla
Homo
Hylobates
Pan
Pongo
Symphalangus
Alouatta
Aotus
Ateles
Cacajao
Callithrix
Cebus
Lagothrix
Leontopithecus
Saguinus
Saimiri
Eulemur
Galago
Lemur
Lepilemur
Nycticebus
Varecia
Tarsius

0.00

Figure 5.5. Rates of brachial plexus evolution as defined by number of character state changes
per millions of years since divergence from split with sister taxon. Vertical gray bars indicate
higher taxonomic groupings, with Cercopithecoidea, Hominoidea, Platyrrhini, Strepsirrhini, and
Tarsiidae represented from left to right.
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Figure 5.6. Linear regression analysis comparing divergence time and number of unambiguous
character state changes in all primates observed in this study. r = -0.22, r2 = 0.0517, p = 0.22 (not
significant, α = 0.05).
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Genus

Autapomorphies

Unambiguous
autapomorphies

Alouatta

3

2

Aotus

5

3

Ateles

6

5

Cacajao

3

3

Callithrix

4

Cebus

Sister
taxon/clade
sampled here

Estimated
divergence
(Mya)

Changes per
million years
(ambiguous +
unambiguous)

Changes per
million years
(unambiguous)

14.76

0.20

0.14

19.48

0.26

0.15

9.14

0.66

0.55

22.73

0.13

0.13

2

Ateles +
Lagothrix
Callithrix +
Leontopithecus
+ Saguinus
Lagothrix
All other
platyrrhines
Leontopithecus

15.03

0.27

0.13

7

4

Saimiri

18.56

0.38

0.22

Cercopithecus

5

5

Miopithecus

11.49

0.44

0.44

Colobus

11

8

Semnopithecus

15.43

0.71

0.52

Eulemur

3

3

Lemur

15.01

0.20

0.20

Galago

4

3

Nycticebus

38

0.11

0.08

Gorilla

11

9

Pan + Homo

8.65

1.27

1.04

Homo

8

8

Pan

6.17

1.30

1.30

Hylobates

1

0

Symphalangus

6.59

0.15

0.00

Lagothrix

9

7

Ateles

9.14

0.98

0.77

Lemur

2

1

Eulemur

15.01

0.13

0.07

Leontopithecus

6

4

15.03

0.40

0.27

Lepilemur

1

0

33.26

0.03

0.00

Macaca

4

1

12.85

0.31

0.08

Mandrillus

4

4

Callithrix
Varecia +
Eulemur +
Lemur
Papio +
Mandrillus
Papio

11.35

0.35

0.35

Miopithecus

2

1

Cercopithecus

11.49

0.17

0.09

Nycticebus

4

3

Galago

38

0.11

0.08

Pan

4

3

Homo

6.17

0.65

0.49

Papio

2

2

11.35

0.18

0.18

Pongo

2

2

15.13

0.13

0.13

Saguinus

5

4

Mandrillus
Gorilla + Pan
+ Homo
Callithrix +
Leontopithecus

15.71

0.32

0.25

Saimiri

7

Cebus

18.56

0.43

0.38

1

Colobus

15.43

0.13

0.06

Symphalangus

8
2
3

2

Hylobates

6.59

0.46

0.30

Tarsius

3

2

Anthropoidea

68.84

0.04

0.03

Varecia

4

2

Eulemur +
Lemur

20.54

0.19

0.10

Semnopithecus

398

Mean

0.37

0.28

Standard
deviation

0.33

0.3

Table 5.2. Number of character state changes for each taxon studied here (both ambiguous and
unambiguous) and the estimated divergence date from the closest sister taxon observed in this
study based on a consensus molecular phylogeny of 1000 trees from the 10k Trees Project
(Arnold et al., 2010). Changes per million years calculated for both ambiguous + unambiguous
changes and unambiguous changes only. Rates of evolution more than one standard deviation
above the mean above the mean in each category (unambiguous + ambiguous transitions,
unambiguous transitions only) are bolded. Rates of evolution more than two standard deviations
above the mean in each category (unambiguous + ambiguous transitions, unambiguous
transitions only) are bolded and underlined.
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Genus

Autapomorphies

Unambiguous
autapomorphies

Alouatta

3

2

Aotus

5

3

Ateles

6

5

Cacajao

3

Callithrix
Cebus

Sister taxon
reported in
10k Trees

Estimated
divergence
(Mya)

Changes per
million years
(ambiguous +
unambiguous)

Changes per
million years
(unambiguous)

9.14

0.33

0.22

19.48

0.26

0.15

9.14

0.66

0.55

3

Ateles +
Brachyteles +
Lagothrix
Callimico +
Callithrix +
Leontopithecus
+ Saguinus
Brachyteles +
Lagothrix
Pithecia

9.64

0.31

0.31

4

2

Leontopithecus

15.03

0.27

0.13

7

4

Saimiri

18.56

0.38

0.22

Cercopithecus

5

5

Chlorocebus

9.84

0.51

0.51

Colobus

11

8

12.53

0.88

0.64

Eulemur

3

3

15.01

0.20

0.20

Galago

4

3

38

0.11

0.08

Gorilla

11

9

Piliocolobus
Hapalemur +
Lemur
Nycticebus +
Loris
Pan + Homo

8.65

1.27

1.04

Homo

8

8

Pan

6.17

1.30

1.30

Hylobates

1

0

Symphalangus

6.59

0.15

0.00

Lagothrix

9

7

Brachyteles

2.35

3.83

2.98

Lemur

2

1

9.28

0.22

0.11

Leontopithecus

6

4

15.03

0.40

0.27

Lepilemur

1

0

25.68

0.04

0.00

Macaca

4

1

12. 85

0.31

0.08

Mandrillus

4

4

5.3

0.75

0.75

Miopithecus

2

1

11.49

0.17

0.09

Nycticebus

4

3

Hapalemur
Callimico +
Callithrix
Phaner
Cercoceubs +
Mandrillus +
Lophocebus +
Theropithecus
+ Papio +
Rungwacebus
Cercocebus
Cercopithecus
+
Erythrocebus
+ Chlorocebus
Loris

24.05

0.17

0.12

Pan

4

3

Homo

6.17

0.65

0.49

Papio

2

2

3.91

0.51

0.51

Pongo

2

2

15.13

0.13

0.13

Saguinus

5

4

Rungwacebus
Gorilla + Pan
+ Homo
Callimico +
Callithrix +
Leontopithecus

15.71

0.32

0.25

400

7

Cebus

18.56

0.43

0.00

1

Trachypithecus

3.65

0.55

0.27

Symphalangus

8
2
3

2

Hylobates

6.59

0.46

0.30

Tarsius

3

2

68.84

0.04

0.03

Varecia

4

2

Anthropoidea
Eulemur +
Hapalemur +
Lemur

20.54

0.19

0.10

Mean

0.53

0.39

Standard
Deviation

0.7

0.58

Saimiri
Semnopithecus

Table 5.3. Number of character state changes for each taxon studied here (both ambiguous and
unambiguous) and the estimated divergence date from the closest sister taxon found from a
consensus molecular phylogeny of 1000 trees from the 10k Trees Project (Arnold et al., 2010).
Changes per million years calculated for both ambiguous + unambiguous changes and
unambiguous changes only. Rates of evolution more than one standard deviation above the mean
in each category (unambiguous + ambiguous transitions, unambiguous transitions only) are
bolded. Rates of evolution more than two standard deviations above the mean in each category
(unambiguous + ambiguous transitions, unambiguous transitions only) are bolded and
underlined.

5.5.3. Rates of change as a function of time since divergence
The time since divergence from sister taxon appears to have minimal explanatory value
regarding the number of unambiguous character state changes present in a terminal taxon (i.e.,
are not strongly correlated), but varies among clades (see Figs 5.7, 5.8, 5.9, 5.10, 5.11, 5.12).
When each observed genus is compared to time since divergence from the closest related taxon
available from the dissection portion of this study, several taxa exhibit relatively high rates of
change (measured as character changes per million years).
For all primates observed here, a coefficient of determination of r² = 0.1821 was found,
indicating ~18% of the y-axis variation (number of unambiguous changes per taxon) is explained
by the x-axis (time in millions of years). Pearson’s correlation coefficient (r = -0.43) shows
moderately strong negative linear correlation, indicating some (but not all) of the variation
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observed here in number of unambiguous autapomorphies is related to time depth. The trend is
found to be significant at p = 0.01, indicating that time since divergence is accounts for a small
but significant amount of brachial plexus evolution for the clades involved in this analysis.
Homo, Gorilla, and Lagothrix appear to be extreme outliers, which much higher rates of change
than would be expected given their diversification time if time depth were the sole explanatory
factor of brachial plexus complexity.

1.40
Homo

Divergence rate

1.20

R² = 0.1821

Gorilla

1.00
0.80

Lagothrix

0.60
0.40
0.20
0.00

Galago
0
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20
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40

Tarsius
50

60
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80

Divergence time from sister clade (millions of years)

Figure 5.7. Linear regression analysis comparing divergence time and rate of character state
changes in all primates observed in this study. r = -0.426, r2 = 0.182, p = 0.019 (significant, α =
0.05).
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Figure 5.8. Linear regression analysis comparing divergence time and rate of unambiguous
character state changes in Anthropoidea only. r = -0.359, r 2 = 0.23, p = 0.085 (not significant, α
= 0.05)

For Anthropoidea, a coefficient of determination of r² = 0.23 was found, indicating ~23%
of the y-axis variation (number of unambiguous changes per taxon) is explained by the x-axis
(time in millions of years). Pearson’s correlation coefficient (r = -0.64) shows moderately strong
negative linear correlation, indicating some of the variation observed here in number of
unambiguous autapomorphies is related to time depth since clade separation.
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Figure 5.9. Linear regression analysis comparing divergence time and rate of character state
changes in Hominoidea only. r = -0.307, r2 = 0.09, p = 0.553 (not significant, α = 0.05)
For Hominoidea, a coefficient of determination of r² = 0.09 was found, indicating ~9% of
the y-axis variation (number of unambiguous changes per taxon) is explained by the x-axis (time
in millions of years). Pearson’s correlation coefficient (r = -0.305) shows weak, non-significant
(p = 0.55) negative linear correlation, indicating some (but not all) of the variation observed here
in number of unambiguous autapomorphies is related to time depth since taxon separation (See
Figure 5.9). Homo and Gorilla appear to be particularly extreme outliers, with more accumulated
change than would be expected, while Hylobates and Symphalangus appear to have each
undergone less change than expected.
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Figure 5.10. Linear regression analysis comparing divergence time and rate of character state
changes in Platyrrhini only. r = -0.752, r2 = 0.56, p = 0.012 (significant, α = 0.05).
For Platyrrhini, a coefficient of determination of r² = 0.56 was found, indicating ~56% of
the y-axis variation (number of unambiguous changes per taxon) is explained by the x-axis (time
in millions of years). Pearson’s correlation coefficient (r = -0.75) shows moderately strong,
significant (p = 0.012) negative linear correlation, indicating most of the variation observed here
in number of unambiguous autapomorphies is related to time depth since taxon separation
(Figure 5.6.).
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Figure 5.11. Linear regression analysis comparing divergence time and rate of character state
changes in Cercopithecoidea only. r = 0.055, r2 = 0.004, p = 0.907 (not significant, α = 0.05)
For Cercopithecoidea, a coefficient of determination of r² = 0.0042, indicating less than
1% of the y-axis variation (number of unambiguous changes per taxon) is explained by the xaxis (time in millions of years). Pearson’s correlation coefficient (r = 0.06) shows a very weak,
non-significant (p = 0.9066) positive linear correlation, indicating almost none of the variation
observed here in number of unambiguous autapomorphies is related to time depth since taxon
separation (see Figure 5.7). Within Cercopithecoidea, Colobus appears to have undergone the
most rapid brachial plexus evolution, followed by Cercopithecus and Mandrillus.
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Figure 5.12. Linear regression analysis comparing divergence time and rate of character state
changes in Strepsirrhini only. r = -0.541, r2 = 0.28, p = 0.268 (not significant, α = 0.05)
For Strepsirrhini, a coefficient of determination of r² = 0.2819 was found, indicating less
than ~28% of the y-axis variation (number of unambiguous changes per taxon) is explained by
the x-axis (time in millions of years). Pearson’s correlation coefficient (r = 0.53) shows a
moderately strong, but non-significant (p = 0.26) negative linear correlation, indicating almost
none of the variation observed here in number of unambiguous autapomorphies is related to time
depth since taxon separation (see Figure 5.8). Eulemur appears to have undergone relatively
more rapid brachial plexus evolution since its divergence than other strepsirrhine taxa.
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Figure 5.13. Linear regression comparing the rate of unambiguous character state changes
compared between divergence dates derived from dissections and from 10k Trees project. The
moderately strong r2 = 0.6406 indicates that there is a correlation between the two variables.
Pearson’s correlation coefficient (r = 0.8) shows a strong, significant (p = >0.001, α = 0.05)
positive linear correlation between both ways of measuring accumulated change.

Choice of sister taxon, whether from dissection or from the 10k Trees Project, does not appear to
have a large effect on the outcome of rate of change calculations, though there are some
exceptions (see Figure 5.7). A strong Pearson’s correlation coefficient (r = 0.8) suggests that the
choice of sister taxa derived from those available for dissection adequately replicates the trend
observed for sister taxa as designated by molecular phylogeny.

5.6. Discussion
5.6.1. General trends
The rate of brachial plexus evolution within primates is not constant among all clades
(Table 5.1). When all groups observed here are considered (full sample), only a weak negative
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correlation is observed between time depth since a clade diverged from its sister group and its
rate of brachial plexus evolution, though there is a large amount of variation within more
exclusive taxonomic units (Table 5.2; Figures 5.2, 5.3, 5.4). These results suggest that time since
clade divergence is not a significant predictor of rate of brachial plexus evolution in primates
cumulatively (Figure 5.4) and within most individual clades (See below). Most primate clades
observed here have undergone a relatively small amount of brachial plexus evolution at a
relatively slow rate since the divergence from their closest available sister groups to present.
However, clades such as Hominoidea, Hominidae, Hylobatidae, Atelidae, and Lemurinae show
rates of brachial plexus evolution far above other clades regardless of relative or absolute
divergence time from their sister group.
The general trend of primate brachial plexus evolution therefore appears to be typified by
relatively low rates of change through time with several periods of rapid evolution, and may
perhaps be an example of punctuated equilibrium in some clades (cf. Eldredge and Gould,
1972), though the apparently results may be due to gaps in data coverage. Building on this
observation, we can attempt to assess how the demonstrated rate differences correlate to larger
events that may have influenced their evolution. When considering correlation to locomotion, the
highest rates of brachial plexus evolution are found in primate lineages that currently engage in
some degree of suspensory behavior or are thought to have evolved from suspensory ancestors,
with the exception of Lemurinae, though the close relatives Propithecus and Indrii frequently
engage in suspensory behaviors (Franz et al., 2005). This indicates that the transition to
suspensory behaviors emphasizing forelimb driven motions and grasping dramatically increased
the rate of forelimb peripheral nervous system evolution. In contrast, the transition from an
arboreal quadruped ancestor to a terrestrial quadruped locomotor mode, most typified by the
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Cercopithecinae, does not appear to have required significant evolution of the brachial plexus.
These patterns are less consistent within individual clades, however, likely owing to the wide
amount of intergeneric niche partitioning of closely related taxa (e.g., the divergent locomotor
patterns of Alouatta and Ateles). However, given the high rates in the non-suspensory
Lemurinae, the broad trend may simply be that primate clades that undergo any shift in relative
limb use may exhibit a higher rate of brachial plexus evolution.
Furthermore, the highest rates of brachial plexus evolution appear localized to a relatively
restricted time range. Since the divergence of Primatomorpha, taxa that split from their sister
clades in the Middle to Late Miocene exhibit the highest rates of evolution observed here,
suggesting that selective pressures occurring during the sub-epochs from ~16 to 5 Mya (Hilgen,
1991) dramatically affected the morphology of the primate brachial plexus in several (mostly
suspensory) genera. The Middle to Late Miocene is generally agreed to represent a time of
significant global climate change which greatly affected the distribution of forests and
grasslands, fragmenting and widely decreasing the former while expanding the latter (Miller et
al., 1991; Zachos et al., 2001; Shevenell et al., 2004; Reichard and Croisser, 2016). Global
climatic events are thought to be a major influence in the derivation of new locomotor modes
(e.g., Temerin and Cant, 1983; Potts, 1999; Jones, 2008), as changes in habitats open new
adaptive niches, force novel habitat use, and dramatically affect the biogeographical distribution
of clades (e.g., Fleagle and Gilbert, 2006) which can collectively accelerate trait fixation through
the restriction of gene pools. Hylobatids are a key example for demonstrating the link between
global climatic events and the change in limb morphology that also influenced the rate of
brachial plexus evolution, as the lineage on route to crown Hylobatidae in the terminal Miocene
exhibits both the highest number of unambiguous synapomorphies and the highest rate of
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evolution observed here. The high rate of brachial plexus evolution is corroborated by the results
of Diogo et al., (2013) who reported a high rate of evolution in pectoral girdle/upper limb
characters in hylobatids, and numerous studies of molecular evolution (e.g., Carbone et al.,
2014) that have suggested a period of rapid evolution directly preceded modern hylobatid
diversification. The increasingly segmented forests that stem hylobatids occupied are thought to
have driven populations into refugia, possibly forcing a restriction of genetic diversity and
accelerating the accumulation of adaptations towards a highly specialized locomotor mode as a
means to effectively compete in a changing environment (Jablonski and Chaplin, 2009). The
hard tissue locomotor modifications necessary for adapting to a changing environment also
appear to have necessitated change in the brachial plexus, though the cause and effect
relationships of the tissues is not well-understood beyond sharing several key developmental
pathways (see Chapter 2). Regardless, the rates leading to the extant hylobatid are high, but
significantly decrease in both terminal taxa leading into the present, suggesting that the modern
genera have undergone relatively little brachial plexus evolution since their phylogenetic
separation (though see below for discussion of intrageneric rate differences).

5.6.2. Intraclade trends and outliers
Several trends emerge when rates of evolution are assessed at an intra-generic taxonomic
level within more inclusive clades. With the exception of Cercopithecoidea, all clades assessed
here show a trend of negative correlation between time since genus divergence from sister clades
and the rate of evolution, wherein more recently derived clades have a higher number of
unambiguous character state changes per million years since divergence. The analyses conducted
here suggest that there is a negative correlation between genus persistence time and the rate of
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unambiguous brachial plexus change, such that taxa derived deeper in time have fewer changes.
This discounts the prediction that brachial plexus complexity is simply a function of time from
sister taxon divergence and matches the observations that primate diversity has increased through
time. At lower taxonomic levels, the genera Colobus, Gorilla, Homo, Lagothrix, and Ateles
exhibit high rates of brachial plexus evolution, suggesting that there has been some increased
selective pressure, either on the brachial plexus itself or on associated tissues, that have driven it
to evolve at a higher rate than other taxa. Some taxa (e.g., Lepilemur, Tarsius, Macaca) show
that they have undergone little or no change in their forelimb peripheral nervous system
macrostructure since divergence with their closest available sister taxon, possibly suggesting
fixation of a particular morphology well-adapted for their ecological needs.
The evolutionary rate of the primate brachial plexus is found to be highest in the lineage
leading to Hominoidea and in different clade lineages within the group (Table 5.1, Figure 5.2),
concurrent with the findings for the rate of evolution for head/neck/pectoral girdle musculature
from Diogo et al., (2013), though contradicting some measures of molecular evolution and the
so-called hominoid slowdown (e.g., Steiper et al., 2004; Steiper and Seiffert, 2012). However, as
it is not clear how rates of molecular and neuromuscular evolution are correlated, caution must
be emphasized when drawing conclusions from the comparison. Nevertheless, the relatively high
rate of change compared to other primates suggests strong directional selection in the lineages
leading to Hylobatidae, Hominoidea, and Hominidae. Additionally, the Atelidae and Lemurinae
exhibit higher rates of change on the lineages leading to their respective clades than their sister
groups, suggesting increased selective pressure for forelimb evolution was not limited to the
apes, though it is important to note that this does not imply convergence of brachial plexus
morphology, as it is quite distinct among clades (see Chapter 3). The observed levels of
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heterogeneity among primate clades is perhaps not surprising considering the derived nature of
the forelimbs and locomotion in the clades with the highest brachial plexus evolution rates (e.g.,
hylobatids), and the increased rates in deeply separated lineages not surprising in light of the
significant amounts of homoplasy in suspensory adaptations among clades (e.g., Larson, 1998).
These findings support the concept that brachial plexus evolution, in terms of both rate and
amount of cumulative change, is not purely a function of time that a taxon has existed but is
more likely related to derivation of novel forelimb locomotor adaptations, particularly shifts
towards suspensory behaviors.
The derived shift toward hindlimb dominant locomotion of primates may be related to
both the increased number of brachial plexus changes within the lineages leading to some
modern taxa. An increased freeing of the arms from the constraints of weight bearing locomotion
may have freed the forelimb peripheral nervous system to explore alternative evolutionary paths
(Demes et al., 1994; Larson, 2018). This trend is particularly within the African apes, but also
perhaps in taxa that converge on hominoid morphology such as some atelines (e.g., Larson,
1998; Hirasaki et al., 2000). Alternatively, the replacement of ground reaction forces with the
strong tensile forces associated with more suspensory forms of locomotion may have resulted in
adaptations of the brachial plexus to deal with the different mechanical stresses involved. If the
increased mobility of the hominoid shoulder joint necessitates finer motor control for the
increase musculature (e.g., increased neural integration) or precise suspensory movements, we
may expect a large degree of changes to the peripheral nervous system. Additionally, the
increase in manual dexterity of the apes relative to other primates (Wright, 1972; SavageRumbaugh et al., 1978; Byrne and Byrne, 1993; Prime and Ford, 2016) that is thought to be
related to increased likelihood of tool use and manual manipulative abilities may be an influence
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on brachial plexus evolution, though this is not observed in other tool-using taxa such as Cebus.
However, the functional correlations of the characters used for this thesis are not known, as no
prior research has been conducted on them, and caution should be used when attempting to link
the two (see Chapter 6 for discussion of form and function).
The high rate of brachial plexus evolution in Gorilla is notable particularly because of the
clade’s relatively recent divergence date, which molecular data suggest as a split at ~8.65 Mya
from a common ancestor with the Pan + Homo clade (Arnold et al., 2010). In the time since this
split, Gorilla has accumulated more total unambiguous changes in brachial plexus character
states than any other primate taxon observed here, and the relatively high rate of 1.04 changes
per million years since divergence. This is perhaps related to the large body mass of Gorilla,
which is thought to have independently evolved from a smaller-bodied hominoid common
ancestor (Grabowski and Jungers, 2017), the functional transition to a specialized quadrupedal
style of terrestrial locomotion, or perhaps some combination of the two. However, some
researchers (e.g., Fonesca-Azevedo and Herculano-Houzel, 2012) have argued that the gorilla
central nervous system (i.e., brain size) was not linked with growth in body mass for this taxon,
suggesting a discrepancy in the strength of selective pressures on different body systems. The
high rate of gorilla brachial plexus evolution found here suggest that there was not the same
decoupling for the peripheral nervous system as observed between brain and body mass. Gorillas
maintain significant amounts of forelimb muscle mass relative to other apes (Zihlman et al.,
2011), which in turn necessitates an effective conduction system to operate it. The gorilla
peripheral nervous system appears to have made a significant number of changes in a relatively
rapid manner even if their brains did not grow at the same rate as their body. Interestingly, the
rate of evolution found here is significantly higher than the rate found by Diogo et al., (2013) for
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forelimb musculature evolution, which demonstrates that there is not necessarily a one-to-one
correlation between muscle and nerve evolution despite their clear functional link. The transition
from an ancestral locomotor state of arboreality (with some degree of suspension) to the
specialized knuckle-walking terrestriality seen in extant gorillas, coupled with their increase in
body mass likely drove peripheral nervous system adaptations at a high rate and a cumulative
number higher than other ape taxa.
Some genera appear to have undergone strikingly little change and exhibit a
commensurately low rate of evolution since the split from their closest available sister taxon. For
example, the basal haplorrhine Tarsius exhibits the low rate of 0.03 unambiguous changes per
million years since its divergence from the anthropoid primates ~69 Mya (Arnold et al., 2010).
These findings suggest that either the brachial plexus macromorphology has remained relatively
stable for nearly 70 million years, perhaps by of fixation of adaptive traits for particular
ecological niche specializations, or that there are changes to the forelimb peripheral nervous
system of tarsiers that were not detected by this study. An examination of the tarsier fossil record
may appear compelling, but as soft tissues are rarely preserved in paleontology, a great deal of
uncertainty into any evolutionary scenario because of the necessary levels of inference,
particularly in a structure as prone to homoplasy as the brachial plexus (See Chapter 4).
Additionally, as this study only assessed leaf taxa at the genus level, it is not possible to assess
what reversions or spaciotemporal changes may have occurred along a lineage that did not
persist into the terminal taxon group, particularly in deeply diverged groups.
Of taxa with low evolutionary rates, Hylobates is a somewhat atypical example, in which
the genus exhibits a rate of brachial plexus evolution of zero changes per million years since its
divergence from its common ancestor with Symphalangus ~6.59 Mya. In contrast, Symphalangus
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exhibits a rate of 0.30 changes per million years since divergence from its common ancestor with
Hylobates suggesting siamangs have undergone more rapid brachial plexus evolution in the short
span since their split from other hylobatids. However, the lineage leading to the hylobatids shows
the highest rate of evolution of any clade observed here (0.41 unambiguous changes per million
years since divergence from Hominidae), suggesting that the majority of hylobatid brachial
plexus evolution occurred prior to the divergence of the difference generic lineages. This finding
corresponds to molecular studies of hylobatid evolution which suggest a rapid radiation in the
Miocene resulting in the extant taxa we observe today (Israfil et al., 2011). Several researchers
argue that Hylobates has undergone a more rapid radiation than other hylobatids (Chan et al.,
2010; Israfil et al., 2011) though the low rate of upper limb peripheral nervous system evolution
found here does not coincide with that claim. This finding also corroborates the assertions of
Diogo et al., (2013), which show the lineage leading to Hylobates as experiencing the highest
rate of evolution of pectoral girdle/upper limb musculature in any taxon sampled for their study.
Unfortunately, the aforementioned study only examined a single hylobatid genus, so the
intergeneric rates of evolution cannot be directly compared. Nevertheless, the majority of both
neural and muscular hylobatid forelimb evolution appears to have occurred on the lineage
leading to the crown group, not within each genus, suggesting a rapid adaptive radiation
concurrent with measures of molecular diversification (Israfil et al., 2011; Carbone et al., 2014).
Furthermore, research has demonstrated that some genes involved with forelimb development
(e.g., TBX5, COL1A1, CHRNA1, CHAD) have undergone strong positive selection in all
hylobatids to the exclusion of other primates (Carbone et al., 2014).
Interestingly, Pongo has been shown to have a relatively high rate of forelimb muscular
evolution (Diogo et al., 2013), but here shows a low rate of brachial plexus evolution and small
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number of total changes since the hominid divergence from the hylobatids. As the line leading to
Hominidae has a relatively high rate of evolution, Pongo may simply have retained the
synapomorphies for the clade derived on the way to the terminal genera, whereas the African
apes may have all diverged away from it at a higher rate and with more cumulative unambiguous
evolution due their transition to more terrestrial forms of locomotion. The transitions toward
higher rates of terrestriality, with knuckle-walking terrestrial quadrupedalism in Gorilla and Pan
and bipedalism in Homo, may have exerted alternative, and perhaps increased selective pressure
on the brachial plexus that the orangutan lineage was not subject to. There also exists the
possibility that orangutans were subject to higher selective pressure on the development of
hindlimb as the unique, slow suspensory locomotor style of Pongo makes heavy use of its
dexterous foot. Analysis of the Pongo lumbosacral plexus in comparison to the brachial plexus
evolutionary rates may prove informative for understanding the relative selective pressure on
fore-and hindlimb for this highly specialized taxon.
Platyrrhini is the only clade that exhibits a moderately strong trend of increased brachial
plexus evolution rate over time (Figure 5.10). This trend is driven by the relatively low rates of
Cacajao, Alouatta, Callithrix, and the relatively high rates of Ateles and Lagothrix. Most
platyrrhines maintain an above branch, quadrupedal locomotor regime, though some of the
smaller-bodied clades have transitioned to vertical, claw-assisted clinging. The larger-bodied
Atelidae engage in at least some suspensory behavior to varying degrees. Ateles, and to a lesser
extent Lagothrix, can be thought of as brachiators, while their sister outgroup of Alouatta is
considered to be an arboreal quadruped and possibly the basal locomotor condition for the clade
(Jones, 2008). As the most basally derived extant atelid (Fabre et al., 2009), Alouatta (0.14
changes/million years) may preserve a brachial plexus morphology more reflective of the last
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common ancestor of the group and a lower rate of evolution coinciding with fewer of the
specializations seen in Ateles or Lagothrix, which have collectively undergone brachial plexus
evolution at nearly 4x the rate of Alouatta. Curiously, the less suspensory Lagothrix (0.77
changes/million years) exhibits a higher rate of brachial plexus evolution than the more
suspensory Ateles (0.55 changes/million years). This may be due to its reversal from the highly
suspensory locomotor mode of its sister genus Brachyteles and their closest sister taxon Ateles
back towards a more quadrupedal (but still moderately brachiating) form of locomotion. The use
of a prehensile tail in assisted suspension may have mitigated some of the change in brachial
plexus evolution rate for Atelidae in comparison to the hominoids, for which there are numerous
convergent features of the postcranial skeleton (Larson, 1998).
The Cercopithecoid clade presents with no clear trend in rate of brachial plexus
evolution, perhaps due do the relatively small number of taxa examined here, or because much of
the Old World monkey diversity exists at the intrageneric level which was not examined here.
The lineages leading to both Cercopithecinae (0.07 changes/million years) and Colobinae (0.00
changes/million years) underwent relatively little brachial plexus evolution leading to the extant
members of the clades. However, within Colobinae, Colobus (0.52 changes/million years) is
found to have undergone over 9x the amount of brachial plexus evolution of Semnopithecus
(0.06 changes/million years), its closest available sister taxon for this study. While Colobus and
Semnopithecus are separated by ~15Mya of evolution and occupy different continents, this
striking rate difference is the largest between sister groups observed here. The high rate observed
for Colobus run contra to the findings of Diogo et al., (2013), who found that the lineages
leading to Cercopithecinae and Colobus maintained the same rate of forelimb muscle evolution,
suggesting that the rate of change in the peripheral nervous system accelerated relative to that of
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the forelimb muscles in this genus. The difference may relate to the higher degree of terrestriality
in Semnopithecus, which is thought to have maintained a more generalized niche than the highly
arboreal Colobus (Jablonski, 2002). In contrast, the rates for the cercopithecine taxa observed
here are generally low, with Cercopithecus (0.44 changes/million years) as the highest and
Macaca (0.00 changes/million years) at the lowest of the group. Functionally, this difference
may be the result of transitions between arboreality and terrestriality in the different Old World
monkey groups. Colobines are hypothesized to have undergone a transition to an arboreal niche
when specializing in lower quality foods (Temerin and Cant, 1983; Delson, 1994), though there
has been some divergence from this throughout their evolutionary history (Jablonski, 2002).
Unlike the odd-nosed colobines (none of which were directly available for this thesis), Colobus
and Semnopithecus do not engage in significant amounts of suspensory behavior, which is
reflected in their postcranial skeletal morphology (Su and Jablonski, 2008). The inclusion of
odd-nosed colobines is a clear future step for this project in order to assess if parallels exist as
observed in Atelidae and Hominidae. Furthermore, within Cercopithecinae the genus
Cercopithecus presents an interesting case for future research, as species are known to vary
widely in their substrate preference and agility, e.g., behavioral observations show C. aethiops is
largely terrestrial, while C. diana rarely descends from the upper canopy (Hill, 1966; Bourliere et
al., 1970; Poirier, 1972; Manaster, 1979). Given the species richness and relatively high rate of
brachial plexus change in the genus relative to other members of Cercopithecinae, guenons could
perhaps serve a test case for the effects of varying locomotion and intraspecific variation in
forelimb peripheral nervous system evolution in future works.
Perhaps unsurprisingly, the lineage leading to Homo shows the highest rate of brachial
plexus evolution in any taxon observed here at 1.30 changes/million years. Since the split from
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our most recent common ancestor (estimated at 6.17 Mya by Arnold et al., 2010), the lineage
leading to genus Homo has undergone 2.67 times the amount of unambiguous brachial plexus
evolution than the lineage leading to Pan. This result corroborates existing data that
demonstrates the increased rate of evolution related to human central nervous system when
compared to our sister taxa Pan that is proposed to have occurred after the split from our most
recent common ancestor (e.g., Uddin et al., 2004; Barger et al., 2012; Miller et al., 2012; Spocter
et al., 2012). These observations are also borne out in the human fossil record, where an
observable trend of increased cranial capacity likely indicates positive selection for increased
size and complexity of the central nervous system (e.g., de Sousa and Wood, 2007). Regarding
muscle, Diogo et al., (2013) argued that the muscular evolution rate in Homo was potentially
double that of Pan for the upper limb and head/neck, and that the Pan/Homo clade has
collectively undergone forelimb evolution at a significantly higher rate than Gorilla. This result
runs counter to those found by Almécija et al., (2015), where the researchers argue that Pan has
undergone more hand evolution than Homo since the split from their most recent common
ancestor, though there is not necessarily a direct correlation between the neural structures
discussed here and intrinsic hand proportions. Regardless, direct observation of the brachial
plexus in chimpanzees and humans suggests that Homo has had more cumulative evolution in the
forelimb peripheral nervous system. For example, character tracing analysis in Chapter 4
demonstrates that for the character “Frequency of C4 contribution”, presence in high frequency
is a synapomorphy of Hominidae, but its reduction is autapomorphic in Homo. The functional
implications of such a shift are difficult to determine (see below) but may relate to a decreased
reliance on forelimb intensive locomotor patterns, as C4 typically joins C5-6 to innervate most of
the scapular muscles including the rotator cuff (Koizumi and Sakai, 1994). Taken cumulatively,
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the character state changes and high rate of evolution observed in Homo are possibly evidence of
the effects that transitioning to bipedalism has had on the forelimb, echoing Darwin’s (1871)
hypothesis that freeing the hands (and therefore the entire forelimb) from locomotor constraints
has allowed its evolution as a tool for dexterous manipulation. That these changes happened
more rapidly in Homo than in Pan suggests stronger selective pressure for forelimb
reorganization in the former taxon’s lineage from the point of divergence with our last common
ancestor. However, given that soft tissue does not often preserve in the fossil record, and that the
first appearance of stone tools in the fossil record is currently ~3.3 Mya (Harmand et al., 2015),
it seems most likely that the accelerated rate observed here is the result of adaptation during the
last ~3 million years of hominin evolution.

5.7. Conclusions
The goal of this chapter was to examine if there is heterogeneity in the evolutionary rates
of the primate brachial plexus and to determine what functional or phylogenetic influences any
observed differences may be related to. Rates of brachial plexus evolution appear to be
heterogenous, with high amounts of variation observed in some closely related taxa, though the
general trend for primates appears to be slow, relatively small amounts of variation punctuated
with several rapid evolutionary events. The low rates of correlation for time of divergence from
sister clades and amount of unambiguous change in the brachial plexus suggests that the
complexity of the structure is not purely a function of time in primates, as implied by some early
researchers (e.g., Miller, 1934; Harris, 1939). Instead, this chapter demonstrates that the rate of
brachial plexus evolution is highest in taxa that have diverged from the plesiomorphic condition
of quadrupedalism (Lemurinae notwithstanding) and exhibit forelimb specializations relating to a
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shift away from a primarily hindlimb driven locomotor regime. The demonstrated heterogeneity
in evolutionary rates suggests that the forelimb peripheral nervous system has not experienced
identical selective pressures across primates. These findings indicate that the rate and overall
cumulative evolution of the brachial plexus in primates is potentially a signal for functional
changes in the locomotor patterns along with musculoskeletal changes. Taxa diverging in the
Middle to Late Miocene exhibit the highest relative rate of brachial plexus evolution, with
particularly high rates observed in all taxa that habitually use either some degree of forelimb
driven suspensory locomotion or have recently diverged from an arboreal ancestor. The high rate
in modern humans from the last common ancestor with Pan is particularly notable, as it implies
strong selective pressure on the hominins at some point post-split.
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Chapter 6: Summary and further directions
6.1. Summary
The research presented in this dissertation provides insight into the morphological
diversity of the primate brachial plexus and details its evolution within and among clades using
modern systematics for the first time. The integration of classic descriptive anatomy with modern
phylogenetic methods allows us to test longstanding assumptions in the historical literature that
are often taken as fact without empirical proof. Several researchers (e.g., Fürbringer, 1876;
Cunningham, 1881, 1890; Miller, 1934; Harris, 1939) have put forward hypotheses to describe
the variation they observed in the brachial plexus of tetrapods, often with an emphasis on
primates, which have persisted in the literature untested by our current understanding of
phylogenetic systematics.
The overarching goal of this dissertation is to determine if there are differences in the
primate brachial plexus that correlate to particular evolutionary trajectories within and among
clades, applying a new approach to old questions. To this end I review and build on previous
anatomical, developmental, and biomedical literature (Chapter 2) by systematically detailing the
brachial plexus morphology for 20 genera, based largely on my own dissection work of 79
individual specimens and 123 plexuses (Chapter 3). By expanding the number of individuals
sampled of any given taxon and presenting the brachial plexus morphology of never-before
described taxa, we can gain a deeper understanding of the range of variation for a structure, the
likelihood of polymorphisms, and can infer the evolutionary pressures that influenced them. This
addition to and reanalysis of the historical literature demonstrate that there are macromorphological differences in the primate brachial plexus that vary more among clades than
within clades, suggesting they possess some utility as phylogenetic characters.
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Using the information gathered in Chapters 2 and 3, I first assess the ability of characters
derived from the brachial plexus to reconstruct a consensus phylogenetic tree of major primate
groups in Chapter 4. Second, I evaluate claims of phylogenetic signal/gradistic increase in
complexity in the brachial plexus in primates, a common argument in soft tissue studies based on
no phylogenetic assessments (e.g., Cunningham, 1881; Miller, 1934; Harris, 1939; Mizuno,
1966; Emrua et al., 2017). I demonstrate that the brachial plexus does not preserve a signal that
agrees with the majority of current phylogenetic assessments of primate evolutionary relatedness,
but that some clades are consistently recovered based on strong synapomorphies (e.g.,
Hominoidea, Pan-Homo). When characters are mapped onto a commonly accepted phylogenetic
tree for primates derived from Bayesian inference of molecular data (Arnold et al., 2010), I
demonstrate that some clades have undergone significantly more brachial plexus evolution than
others based on the number of unambiguous character state changes leading to nodes and
potential autapomorphies that define taxa. Perhaps unsurprisingly, taxa with highly specialized
forelimbs (e.g., hylobatids, atelids, hominids) exhibit a high number of character state changes
leading to their respective crown taxa. The parsimony analyses in Chapter 4 establish that while
there are some strong synapomorphies for clades (e.g., C4 in hominoids), the brachial plexus is a
highly homoplastic structure where a limited number of possible modifications that can be made
within a clade, possibly due to phylogenetic inertia or stabilizing selection on the peripheral
nervous system. This finding supports the notion that neuromotor system are inherently
conservative in their evolution as has been suggested for vertebrates broadly (Smith, 1994; Giffin
and Gillett, 1996; Jung et al., 2018). I encourage that this concept be explored within and among
other tetrapod clades with divergent locomotor modes (e.g., Rodentia, Artiodactyla), as
expanding the analyses beyond Primates and the close relatives of Euarchontaglires detailed in
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Chapter 2 will add depth to our understanding of how the brachial plexus and commensurate
structures are subject to the forces of evolution.
Finally, building on the work of the previous chapters I demonstrate heterogeneity in the
rate of brachial plexus evolution among primate clades and in primate genera in Chapter 5.
Several trends emerged from a comparison of estimated time since divergence for a taxon and
the number of brachial plexus changes leading to and present within a group. Genera that are
more derived towards a suspensory mode of locomotion (e.g., the Atelids, Hominoidea)
underwent evolution of the forelimb peripheral nervous system at a substantially faster rate than
taxa adapted to a more terrestrial form of locomotion. Taxa that are proposed to have recently
diverged from an ancestral locomotor category (e.g., hylobatids, Lagothrix, Homo) or have
adapted to have larger body masses when compared to a common ancestor (e.g., Gorilla) also
exhibit higher rates of evolution. Hominins (i.e., the lineage post-split with Pan more closely
related to Homo sapiens) have undergone significantly more evolution to the peripheral nervous
system of the upper limb than Pan since their split from a common ancestor, corroborating
evidence that suggests a derivation away from a plesiomorphic morphology for increased manual
dexterity. The findings of Chapter 5 roughly mirror findings reported by Diogo et al., (2013),
who suggest that different clades within Primates have experienced differential rates of evolution
relating to forelimb and pectoral girdle musculature, though the correlation between the two
tissues needs further exploration.
These chapters collectively demonstrate that the primate brachial plexus, and therefore
the primate peripheral nervous system, is subject to the forces of evolution as are other tissues,
though differences in its ability to recover phylogenetic signal and variability among taxa that
have divergent locomotor modes suggest it may not be under the same selective pressures as
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muscle, bone, or the central nervous system. This result may seem intuitive after considering that
the brachial plexus is an integrative structure in its nature and is likely influenced by the selective
forces targeting several different integrated anatomical units (e.g., neck, shoulder, forelimb),
though this has not been empirically demonstrated before the research presented in this thesis.

6.2. Future research
Any study will obviously benefit from an expanded sample and performing further
primary dissections to supplement the literature is a logical step in the continued research plan
stemming from this thesis. However, several areas present themselves as potentially fruitful
avenues for future research which will both broaden the scope of this project and deepen its
impact for our understanding of how soft tissue systems evolve. Each possible future project or
direction will involve further macro-dissection work and the introduction of histological methods
to directly test hypotheses.

6.2.1. Nerve homology
One of the primary philosophical challenges detailed in Chapter 3 is the topic of nerve
homology, the question being if the true unit of homology is the macrostructure of the nerve, the
axons within it, the interaction between a nerve and its terminal structure, or some combination
therein. The determination of specific axon level distribution was beyond the scope of this study
but is a logical next step for determining the true homology of nerves within an evolutionary
context. A combination of histological and microdissection techniques where individual axons
are traced to their terminal structure (cf. Koizumi and Sakai, 1995) could be employed in this
endeavor. Deeper knowledge of the precise distribution of axons in ventral spinal rami would
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inform our understanding of nerve homology on several levels. For example, the suprascapular
nerve in humans is generally thought to contain axons from C5-6 even when a C4 contribution is
present in the upper trunk (Yan et al., 1999; Siqueira et al., 2010), a condition that occurs in
roughly ~30% of people (see Chapter 2). However, the other hominids possess C4 contributions
in nearly invariant frequencies, and some reports detail its distribution through the suprascapular
nerve along with C5-6 in Pan, Pongo, and Gorilla (Koizumi and Sakai, 1995; Kawashima et al.,
2007). The nerve’s distribution as a macro-structure is identical in all apes, and it innervates the
same muscles (supraspinatus and infraspinatus). If the C4 contribution in humans does not truly
to contribute to the suprascapular nerve when present, as it does in non-human hominids, a
strong argument against nerve homology could be made, at least on a microanatomical level,
which would in turn necessitate new characters describing the axonal distribution at each spinal
level. No similar studies have been conducted with other common morphological differences in
primates (e.g., when T2 contributions to the inferior trunk, or on most other terminal nerves in
nonhuman primates), and thus studies in this area would further our understanding of not only
nerve homology, but also the true nature of nerve/muscle interactions among taxa.

6.2.2. Brachial plexus characters and their function
Further assessment of the functional correlations of the individual clade synapomorphies
and genus autapomorphies outlined in Chapter 4 may prove critical to understanding their
evolutionary history relative to actual impact on locomotion or forelimb dexterity. While Chapter
4 demonstrated that morphological characters derived from the primate brachial plexus do not
recover a phylogenetic tree consistent with commonly accepted primate phylogenies, Chapters 4
and 5 collectively detail some correlation between suspensory behaviors and rate of brachial
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plexus evolution. Several characters prove to be strong, unambiguous synapomorphies for some
groups of primates, and others consistently appear in association in relation to particular
muscular configurations and locomotor proclivities, indicating that there may be some
unappreciated functional signal being conducted by the brachial plexus beyond a simple
suspensory/terrestrial dichotomy. However, assessing the functional capabilities of an anatomical
system based on a limited set of characters such as spinal root contributions is difficult at best.
Nevertheless, several characters discussed in the previous chapters are worth hypothesizing on
beyond their phylogenetic history for their potential functional implications on the evolution of a
primate’s locomotor mode, particularly because of the correlation with high evolutionary rate
and suspensory movements noted in Chapter 5. Character 2 (Frequency of C4 contribution) and
Character 8 (Frequency of T2 contribution) as detailed in Chapter 4 serve as interesting thought
experiments for their potential implications as functional characters, an idea that will be briefly
explored below.
Among others, Miller (1934) and Harris (1939) both describe a marked pre-fixation of
the great ape brachial plexus, and the consistent addition of a C4 root to the upper trunk was
found as hominid synapomorphy post-split with the hylobatids in Chapter 4. Despite the clear
phylogenetic signal of a C4 contribution as a hominid synapomorphy, the functional significance
is difficult to fully determine. Considering its morphology, when present the C4 root joins the
upper trunk of the brachial plexus formed by C5-6. The upper trunk gives off several terminal
nerves to the muscles of the shoulder and strongly contributes to the innervation of the flexor
compartment of the arm and less extensively to the forearm. As an example, we can consider the
suprascapular nerve for a possible functional correlation of axon levels and locomotion. The
suprascapular nerve arises from the upper trunk and innervates the supraspinatus and
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infraspinatus muscles in primates and could contain C4 fibers where the connection is present
though no histological or microanatomical analyses have been conducted to determine its
distribution within the brachial plexus beyond its interaction with the coracobrachialis in nonhuman primates (Koizumi and Sakai, 1995; Kawashima et al., 2007). The infraspinatus and
supraspinatus muscles both function as strong shoulder stabilizers during stance phase in chimps,
and act synergistically to control the relative angle of abduction/adduction along with the
subscapularis muscle (Larson and Stern, 1987). As mentioned above, studies on the human
suprascapular nerve show it to be populated mostly with axons from C5, even when pre-fixed
and an attachment from C4 is present (Yan et al., 1999; Siqueira et al., 2010), suggesting that the
non-human apes would also exhibit relatively minor contributions from C4 in the plexus. The
lack of significant C4 distribution in humans is unsurprising as it is shown to be lost at high
frequencies in humans relative to the other apes after the hominin split from the LCA with Pan
(Chapter 4), and that the forelimbs of Homo sapiens have been removed a from direct locomotor
role. However, the contribution of C4 to the brachial plexus in Pan, Pongo, and Gorilla is
notably larger and more consistent than that found in Homo, and its distribution is noted by
Kazumi and Sakai (1995) as occurring in the more distally forming musculocutaneous nerve,
indicating that its axons are likely present in the suprascapular nerve as well.
Likewise, the contribution of T2 to the brachial plexus is noted in historical texts (Miller,
1934; Harris, 1939; Chase and DeGaris, 1940) as being consistent in some primate clades (e.g.,
Cercopithecoidea) and lost in other (e.g., Hominoidea). These claims are borne out by the
analyses in Chapter 4 though its evolutionary history is shown to be ambiguous within
Primatomorpha. Nevertheless, the broad sample of mammalian brachial plexuses outlined in
Chapter 2 suggest it is likely a plesiomorphic trait for mammals that has been independently lost
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in Platyrrhini and Hominoidea but maintained in other primate clades. It is nearly constant in
Cercopithecoidea and Strepsirrhini, but as its proportion of motor fibers to sensory fibers as a
ventral ramus and its relative importance to forelimb function is largely unknown, functional
conclusions regarding its contribution to the brachial plexus are difficult to deduce.
There are several possible functional explanations for the consistency of C4 or T2 root
contributions within certain groups, and it is worth noting that they never consistently appear
together in any primate clade at high frequencies (see Chapter 2). The additional nerve
contributions could simply be a function of the increased relative mass for certain muscles or
muscle complexes among clades and reflect the transitions in locomotor needs in the forelimb
through time. In hominids, the addition of a C4 contribution at high frequency could be related to
the relatively larger shoulder musculature in a group with hindlimb dominated locomotion
(Larson and Stern, 1987; Zihlman et al., 2011; Larson and Stern, 2013), whereby a larger axon
count may be needed to effectively and efficiently fire the skeletal muscle necessary for precise
movement of a mobile shoulder. In Cercopithecoidea, the addition of T2 contributions in high
frequencies could be an adaptation to increased wrist flexor, wrist extensor and elbow extensor
muscle mass (Kikuchi, 2010). An alternative hypothesis is that the consistent addition of C4 or
T2 to the brachial plexus in specific primate clades (e.g., Hominidae, Cercopithecoidea)
represent adaptations to increase the number of neural substrate central pattern generators, the
segmentally derived, non-overlapping propriospinal structures of the lower cervical/upper
thoracic (and lumbar) spinal cord responsible for rhythmic flexor/extensor contraction in the
limbs (Juvin et al., 2005; Frigon, 2017). As the axons derived from both the C4 and T2 regions
likely provide partial innervation to muscles involved in forelimb facilitated locomotion, a larger
number of root contributions is perhaps related to increased forelimb-related locomotor
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complexity or behavioral flexibility in some clades. This seems particularly likely in the case of
C4 contributions, as T2 appears to be a more common, and perhaps plesiomorphic trait in
mammals (see Chapter 2) that may simply persist in several primate clades due to phylogenetic
inertia (cf. Simpson, 1944; Wilson, 1975). Phylogenetic analysis using a molecular backbone to
evaluate character polarities indicates that the consistent C4 contribution in hominids represents
a synapomorphy for the clade, derived to assist with the often complex (i.e., not reliant on a
single pattern) forms of locomotion in the apes (Reynolds, 1985b; Larson and Stern, 1987).
However, analyses of forelimb central pattern generators suggest that the most important areas
are located around lower cervical/upper thoracic border transition (Ballion et al., 2001;
Yamaguchi, 2004; Frigon, 2017), suggesting that regardless of contribution size, the C4 axon
contributions may not be a significant provider of interneural connections.
The effects of any increased interneuron connectivity would clearly be restricted by bony
and muscular adaptations for locomotion but may be an example of an attempt to increase the
behavioral repertoire of primates that rely heavily on their forelimbs for complex environmental
interactions without more costly adaptations directly to the motor cortex of the brain (Reynolds,
1985b). An increase in the involvement of neural substrate central pattern generators derived
from C4 or T2 could represent independently evolved adaptations to decrease the conscious
energetic costs of locomotion, which could potentially benefit animals with relatively large
brains such as Hominoids and Cercopithecoids. However, Vilensky and Larson (1989) posit that
primate forelimbs are more directly under control of the motor cortex of the brain than nonhuman primates, which they suggest lessens the need for central pattern generators in
locomotion. Because of the suspensory locomotor history of the apes, a C4 contribution likely
provides additional motor control to important rotator cuff muscles (m. supraspinatus and m.
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infraspinatus), and potentially minor axonal contributions to the deltoid and flexors of the elbow
(Koizumi and Sakai, 1995). However, given the current consensus that suspensory behaviors
likely evolved multiple times in the apes, it is possible that the C4 contribution also evolved
independently among the extant taxa that exhibit it (Pilbeam et al., 1990; Moyà-Solà et al., 2004;
Ward, 2009). The lack of a C4 contribution in hylobatids could reflect their decreased reliance
on rhythmic locomotion and increased tendency towards dynamic, coordinated acrobatics in a
complex, entirely arboreal environment. However, given that the hominids all present a C4
contribution while hylobatids do not, it is most parsimonious to assume that hylobatids diverged
from the great apes before the co-opting of C4 into the brachial plexus. Functionally, the
typically hindlimb driven locomotion of the great apes may reflect a need for more control in
shoulder and arm mobility rather than locomotion. The polymorphic contribution of C4 in Homo,
reportedly present in ~30% of individuals, could reflect the relatively recent decrease in reliance
on forelimb generated locomotion, and thereby a lessened need to maintain the central pattern
generators provided by C4 that has not been completely lost since the LCA with Pan.
Beyond directly influencing muscular contractions, the additional C4 contribution in
Hominidae and the T2 contributions in many primate clades could be part of the propriospinal
network that allows for enhanced control and dexterity of the forelimbs without directly eliciting
movement (Alstermark et al., 2007). Direct histochemical analyses or microdissection work on
the C4 and T2 axon distributions could supply answers to the questions explored above.

6.2.3. The lumbosacral plexus
Limbed tetrapods possess several other nerve plexuses that could be analyzed both
separately and in an integrated fashion with the brachial plexus in future projects. First and
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foremost is the lumbosacral plexus, which innervates the hindlimb and is generally thought to be
a serial homologue with the brachial plexus. Some studies (e.g., Rolian et al., 2010) have
demonstrated that manual and pedal elements have coevolved in some taxa, with selection on
toes strongly influencing selection on fingers, which may indicate coevolution of the forelimb
and hindlimb peripheral nervous system. Additionally, experimental studies on the neurobiology
of locomotion have demonstrated important interconnections between the central pattern
generators of the forelimb and hindlimb, wherein disruption of a thoracic spinal segment
between the cervical and lumbar spine regions results in asynchronous gaits (Orsal et al., 1990;
Ballion et al., 2001; Juvin et al., 2005, 2012). This demonstrates that though the locomotion of
each limb is controlled by distinct cell populations, there is critical intercommunication between
the brachial and lumbosacral regions when concerning rhythmic locomotion. Interestingly, the
long ascending propriospinal pathways originating in the lumbosacral spinal cord levels are
reported to contact the motoneurons that innervate the pectoral and shoulder girdle musculature,
ascending as far as C3-4 in Macaca mulatta, though most terminated around C7-8, and the extent
of their interconnection is not well understood outside of some model organisms (McHanwell
and Biscoe, 1981; Stephens and Holder, 1985; Alstermark et al., 2007; Brockett et al., 2013;
Frigon, 2017). However, some debate exists in the literature regarding limb homology (e.g.,
Diogo and Ziermann, 2015; Sears et al., 2015), demonstrating the need for further consideration
of the topic.
The morphology, development, and variability of the lumbosacral plexus is briefly
outlined in Appendix 6 as was the brachial plexus in Chapter 2 to demonstrate the similarities
and differences in the structures as a foundation for future work. Of the other nerve plexuses in
the body, detailed inspection of the autonomic nerve plexuses (e.g., cardiac plexus, celiac plexus)
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may also prove fruitful, though as their physiological end function and structure is extremely
different from the somatic nerve plexuses of the fore-and-hindlimbs, integration of the two
systems may prove difficult. Additionally, extremely detailed research has been carried out on
the extrinsic cardiac plexus by Kawashima and colleagues (e.g., Kawashima et al., 2007;
Kawashima et al., 2008; Kawashima and Thorington, 2011; Kawashima and Sato, 2012;
Kawashima et al., 2013), lessening the need for comparative anatomy research in in this area.
The lumbosacral plexus has not been explored in such detail, but its inclusion in a work similar
to that of this thesis would greatly aid in our understanding of nerve evolution in primates and
could potentially inform issues such as the differential evolution of limbs in hominins.
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Appendix
Appendix 1 – Expanded vertebrate brachial plexus root data
Appendix Table 1 - Comparative root level morphology of the vertebrate brachial plexus with associated literature.
Most
commo
n
thoracic

# of roots
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Class

Order

Family

Common name

Genus

Species

Reference

Most common
cervical

Actinopterygii

-

-

-

-

-

Oc1-2

Sp 1-5

7

Amphibia

Anura

Pipidae

Common Suriname
toad

Ma et al.,
2010

Pipa

americana

Harris, 1939

Sp(1)2-3

n/a

2-3

Amphibia

Anura

Pipidae

African clawed frog

Xenopus

laevis

Harris, 1939

Sp(1)2-3

n/a

2-3

Amphibia

Anura

Ranidae

Common frog

Rana

temporaria

Harris, 1939

Sp(1)2-3

n/a

2-3

Andrias

japonicus

Harris, 1939

Sp2-6

n/a

5

japonicus

Humphry,
1872

Sp2-6

n/a

5

japonicus

Osawa, 1902

Sp2-6

n/a

5

Alam et al.,
2017
Fürbringer,
1902 (via
Hirasawa and
Kuratani,
2013)

C14-15

T1-2(3)

4-5

C13-15

T1

4

C11-14

n/a

4

C13-15

n/a

3

C13-15

T1

4

Japanese giant
salamander
Japanese giant
salamander
Japanese giant
salamander

Megalobatrachus
(= Andrias)
Megalobatrachus
(= Andrias)

Amphibia

Caudata

Cryptobranchidae

Amphibia

Caudata

Cryptobranchidae

Amphibia

Caudata

Cryptobranchidae

Aves

Anserifor
mes

Anatidae

Domestic duck

Anas

platyrhynchos
domesticus

Aves

Anserifor
mes

Anatidae

Greylag goose

Anser

anser

Aves

Apodifor
mes

Trochilidae

Humming bird

Eucephala (= ?)

coerulea (= ?)

Aves

Bucerotifo
rmes

Bucorvidae

Abyssinian ground
hornbill

Bucorvus

abyssinicus

Aves

Caviiform
es

Gaviidae

Black-throated loon

Colymbus (=
Gavia)

arcticus

Harris, 1939
Fürbringer,
1902 (via
Hirasawa and
Kuratani,
2013)
Fürbringer,
1902 (via
Hirasawa and
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Aves

Charadriif
ormes

Charadriidae

Plover

Charadrius

pluvialis

Aves

Columbif
ormes

Columbidae

Pigeon (= Rock
dove)

-

-

Aves

Columbif
ormes

Columbidae

Rock dove

Columba

livia

Aves

Columbif
ormes

Columbidae

Rock dove

Columba

livia

Aves

Falconifor
mes

Falconidae

Merlin

Falco

columbarius

Aves

Galliform
es

Phasianidae

Domestic chicken

Gallus

gallus

Aves

Galliform
es

Phasianidae

Domestic chicken

Gallus

gallus

Cardinalidae

Norhern cardinal

Cardnalis

cardnalis

Emberizidae

White-throated
sparrow

Zonotrichia

albicollis

Passeridae

House sparrow

Passer

domesticus

Amazona

aestiva

Ara

ararauna

Rhea

americana

Aves
Aves
Aves
Aves
Aves

Aves

Passerifor
mes
Passerifor
mes
Passerifor
mes
Psittacifor
mes
Psittacifor
mes
Rheiforme
s

Psittacidae
Psittacidae

Rheidae

Turquoise-fronted
amazon
Blue-and-yellow
macaw
Greater rhea

Kuratani,
2013)
Fürbringer,
1902 (via
Hirasawa and
Kuratani,
2013)
Hirasawa and
Kuratani,
2013
Fürbringer,
1902 (via
Hirasawa and
Kuratani,
2013)
Franceschi et
al., 2009
CevikDemirkan,
2014
Yasuda, 2002
(via Hirasawa
and Kuratani,
2013)
Hirasawa and
Kuratani,
2013
Swinebroad,
1954
Swinebroad,
1954
Swinebroad,
1954
Silva et al.,
2015
Achoa Filho
et al., 2014
Fürbringer,
1902 (via
Hirasawa and
Kuratani,
2013)

C13-15

T1(T2)

4-5

C12-14

T1

C12-14

T1

3-4

C13-15

T1

4

C11-13

T1-2

5

C13-15

T1

4

C13-15

T1

-

C11-14

n/a

4

-

-

-

C11-13

n/a

3

C8-11

T1-2

6

C10-11

T1-2

4

C15-17

T1

4

Aves

Spheniscif
ormes

Spheniscidae

African penguin

Spheniscus

demersus

Aves

Struthioni
formes

Struthionidae

Common ostrich

Struthio

camelus

Struthionidae

Common ostrich

Struthio

camelus

Struthionidae

Common ostrich

Struthio

camelus

Struthioni
formes

Struthionidae

Common ostrich

Struthio

camelus

-

-

-

-

-

-

-

-

-

-

Mammalia

Artiodacty
la

Bovidae

"Caprids"

-

-

Mammalia

Artiodacty
la

Bovidae

"Ovids"

-

-

Mammalia

Artiodacty
la

Bovidae

"Bovids

-

-

Bovidae

Ox

Bos

-

Bovidae

Gnu (Wildebeest)

Connochaetes

?

Camelidae

Guanaco

Llama

huanacos (=
guanicoe)

Camelidae

Camel

Cervidae

Marsh Deer

Cervidae

Roe deer

Aves
Aves
Aves
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Chondrichthye
s
Coelacanthimo
rpha (=
Actinistia)

Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia

Struthioni
formes
Struthioni
formes

Artiodacty
la
Artiodacty
la
Artiodacty
la
Artiodacty
la
Artiodacty
la
Artiodacty
la

Blastocerus
Capreolus

dichotomus
capraea (=
capraeolus)

Fürbringer,
1902 (via
Hirasawa and
Kuratani,
2013)
Fürbringer,
1902 (via
Hirasawa and
Kuratani,
2013)
Pospieszny et
al., 2009
Harris, 1939
Hirasawa and
Kuratani,
2013
Ma et al.,
2010
Ma et al.,
2010
Getty, 1986
(via Moura et
al., 2007)
Getty, 1986
(via Moura et
al., 2007)
Getty, 1986
(via Moura et
al., 2007)
Levine et al.,
2007
Paterson,
1887
Harris, 1939
Paterson,
1887
Moura et al.,
2007
Harris, 1939

C13-15

T1

4

C18-20

T1

4

C20

T1

2

C(16)17-19

T1

4-5

C18-20

T1

Oc1-4

Sp 1-11

15

Oc1-3

Sp1-3

6

C6-8

T1

4

C6-8

T1

4

C6-8

T1-2

5

C6-8

T1-2

5

(C6)C7-8

T1

4

C7-8

T1-2

4

(C6)C7-8

T1

4

C6-8

T1

4

C6-8

T1(2)

4-5

Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia

438

Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia

Artiodacty
la
Artiodacty
la
Artiodacty
la
Artiodacty
la
Artiodacty
la
Artiodacty
la
Artiodacty
la
Artiodacty
la
Artiodacty
la
Artiodacty
la
Artiodacty
la
Artiodacty
la
Artiodacty
la
Artiodacty
la
Artiodacty
la
Artiodacty
la
Artiodacty
la

Cervidae

Sika deer

Cervus

sika (= nippon)

Harris, 1939

C6-8

T1(2)

4-5

Cervidae

Hog deer

Cervus (=
Hyelaphus)

porcinus

Harris, 1939

C6-8

T1(2)

4-5

Cervidae

Gray brocket

Mazama

gouazoubira

C6-8

T1

4

Cervidae

White-tailed deer

Odocoileus

virginianus

C6-8

T1

4

Cetacea

White-beaked
dolphin

Delphinus (=
Lagenorhychus?)

albirostris

C4-8

T1(2)

9-10

Cetacea

Harbour porpoise

Phocoena

phocoena

Swan, 1835

C4-8

T1(2)

9-10

Cetacea

Harbour porpoise

Phocoena

phocoena

Harris, 1939

C3-8

T1

9

Delphinidae

White-sided dolphin

Lagenorhynchus

obliquidens

Giraffidae

Giraffe

Giraffa

australis

C6-8

T1

4

Giraffidae

Giraffe

Giraffa

-

C6-8

T1

4

Giraffidae

Okapi

Okapia

johnstoni

C6-8

T1

4

Giraffidae

Okapi

Okapia

-

C7-8

T1-2

4

Hippopotimidae

Pygmy hippopotamus

Chhoeropsis

liberiensis

C6-8

T1

4

Hippopotimidae

Common
hippopotamus

Hippopotamus

amphibius

C5-8

T1

5

Tayassuidae

Collared peccary

Pecari

tejacu

C6-8

T1-2

5

Tragulidae

Java mouse-deer

Tragulus

javanicus

Harris, 1939

C6-8

T1-2

5

Common warthog

Phacochoerus

aethiopicus (=
africanus)

Harris, 1939

C(5)6-8

T1(2)

4-6

C5-8

T1

5

C6-8

T1-2

5

C6-8

T1(T2)

4-5

C6-8

T1(T2)

4-5

Mammalia

Carnivora

Canidae

"Canids"

-

-

Mammalia

Carnivora

Canidae

Dog

Canis

familiaris

Mammalia

Carnivora

Canidae

Dog

Canis

familiaris

Mammalia

Carnivora

Canidae

Dog

Canis

familiaris

Melo et al.,
2007
Backus et al.,
2015
Cunningham,
1877

Sekiya et al.,
2008
Wakuri et al.,
1970
Solounias,
1999
Endo et al.,
2009
Solounias,
1999
Harris, 1939
Yoshitomi et
al., 2012
Moura et al.,
2007

Allam et al.,
1952; Bailey
et al., 1982
Dursun et al.,
1994
Getty, 1975
Miller et al.,
1964

-
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Tipirdamaz
and Erden,
1988
Levine et al.,
2007
Souza et al.,
2014
De Souza
Junior et al.,
2016
Harris, 1939
Paterson,
1887
Aslan, 1994
Aubert et al.,
2003
Getty, 1975
McClure et
al., 1973
Harris, 1939
Ghoshal,
1972
Backus et al.,
2015

Mammalia

Carnivora

Canidae

Dog

Canis

familiaris

Mammalia

Carnivora

Canidae

Dog

Canis

lupis familiaris

Mammalia

Carnivora

Canidae

Crab-eating fox

Cerdocyon

thous

Mammalia

Carnivora

Canidae

Pampas fox

Lycalopex

gymnocercus

Mammalia

Carnivora

Canidae

Hoary fox

Lycalopex

vetulus

Mammalia

Carnivora

Felidae

Domestic cat

Felis

catus

Mammalia

Carnivora

Felidae

Domestic cat

Felis

catus

Mammalia

Carnivora

Felidae

Domestic cat

Felis

catus

Mammalia

Carnivora

Felidae

Domestic cat

Felis

catus

Mammalia

Carnivora

Felidae

Domestic cat

Felis

catus

Mammalia

Carnivora

Felidae

Domestic cat

Felis

catus

Mammalia

Carnivora

Felidae

Domestic cat

Felis

catus

Mammalia

Carnivora

Felidae

Domestic cat

Felis

catus

Mammalia

Carnivora

Felidae

Lion

Felis (=
Panthera)

leo

Mammalia

Carnivora

Felidae

Ocelot

Leopardus

pardalis

Mammalia

Carnivora

Herpestidae

Small Asian
mongoose

Herpestes

javanicus

Mammalia

Carnivora

Mustelidae

Common otter

Lutra

vulgaris (=
lutra)

Mammalia

Carnivora

Mustelidae

Beech marten

Martes

foina

Mammalia

Carnivora

Mustelidae

American Mink

Neovision

vision

Mammalia

Carnivora

Otariidae

Fur seal

Arctocephalus

sp

Mammalia

Carnivora

Phocidae

Grey seal

Halichoerus

grypus

Demiraslan et
al., 2015
Backus et al.,
2015
Souza et al.,
2010
Harris, 1939

Mammalia

Carnivora

Procyonidae

Ring-tailed coati

Nasua

rufra (= nasua)

Harris, 1939

C6-8

T1-2

5

Mammalia

Carnivora

Procyonidae

Kinkajou

Potos

flavus

Harris, 1939

C6-8

T1(2)

4-5

Harris, 1939
Chagas et al.,
2014
Yoshitomi et
al., 2004
Harris, 1939

C6-8

T1-2

5

C6-8

T1-2

5

C6-8

T1

4

C6-8

T1

4

C6-8

T1-2

5

C6-8

T1

4

C6-8

T1

4

C6-8

T1

4

C6-8

T1

4

C6-8

T1

4

C6-8

T1

4

C6-8

T1

4

C6-8

T1

4

C6-8

T1

4

C6-8

T1

4

C6-8

T1

4

C6-8

T1-2

5

C6-8

T1

4

C6-8

T1

4

C6-8

T1

4

C6-8

T1-2

5

Mammalia

Carnivora

Ursidae

Giant panda

Ailuropoda

melanoleuca

Mammalia

Carnivora

Ursidae

Polar bear

Ursus

maritimus

Mammalia

Carnivora

Ursidae

Sun bear

Mammalia

Chiroptera

Pteropodidae (?)

Collared fruit bat

Mammalia

Cingulata

Chlamyphoridae

Big hairy armadillo

Mammalia

Cingulata

Dasypodidae

Nine-banded
armadillo

Dasyuridae

Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
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Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia

Dasyurom
orphia
Dermopte
ra
Dermopte
ra
Dermopte
ra
Didelphim
orphia
Diprotodo
ntia
Diprotodo
ntia
Diprotodo
ntia
Diprotodo
ntia
Eulipotyp
hla
Eulipotyp
hla
Eulipotyp
hla
Hyracoide
a

Harris, 1939
Matsushima,
1966

C5-8

T1

5

C6-8

T1-2

5

malayanus

Harris, 1939

C6-8

T1-2

5

leachi (= ?)

Harris, 1939

C5-8

T1

5

villosus

Harris, 1939

C4-8

T1

6

Dasypus

novemcinctus

Kawashima et
al., 2015

C5-8

T1(T2)

5-6

Eastern Quoll

Dasyurus

viverrinus

Harris, 1939

C4-8

T1-2

7

Cynocephalidae

Philippine colugo

Cynocephalus

volans

C6-8

T1-2

5

Cynocephalidae

Sunda Colugo

Galeopterus

variegatus

C6-8

T1

4

Cynocephalidae

Indian giant flying
lemur

Pleaurista (= ?)

C5-8

T1

5

Didelphidae

Big-eared opossum

Didephis

Harris, 1939

C5-8

T1

5

Macropodidae

Bennett's treekangaroo

Dendrolagus

bennetianus

Harris, 1939

C(4)5-8

T1(2)

5-7

Macropodidae

Common Wallaroo

Macropus

robustus

Harris, 1939

C5-8

T1-2

6

Phascolarctidae

Koala

Phascolarctos

cinereus

Paterson,
1887

C5-8

T1

5

Potoridae

Woylie

Bettongia

penicillata

Harris, 1939

C(3)4-8

T1-2

7-8

Erinaceidae

European hedgehog

Erinaceus

Harris, 1939

C5-8

T1(2)

5-6

Erinaceidae

North African
hedgehog

Erinaceus (=
Atelerix)

europaea (=
europaeus)
algirus

Harris, 1939

C5-8

T1(2)

5-6

Talpidae

European mole

Talpa

europaea

Harris, 1939

C6-8

T1

4

Procaviidae

Rock hyrax

Procavia

capensis

Harris, 1939

C5-8

T1(2)

5-6

C6-8

T1

4

C5-8

T1

5

Ursus (=
Helarctos)
Rousettus (= ?)
Dasypus (=
Chaetophractus)

philippensis (=
?)
marsupialis
azarae (=
aurita?)

Mammalia

Lagomorp
ha

Leporidae

Rabbit

?

?

Mammalia

Lagomorp
ha

Leporidae

Rabbit

?

?

Kawashima et
al., 2012
Kawashima et
al., 2012
Kawashima et
al., 2016

McLaughlin
and Chiasson,
1987
Paterson,
1887

Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
Mammalia
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Mammalia
Mammalia
Mammalia

Lagomorp
ha
Lagomorp
ha
Lagomorp
ha
Monotrem
ata
Monotrem
ata
Monotrem
ata
Monotrem
ata
Monotrem
ata
Monotrem
ata
Perissodac
tyla
Perissodac
tyla
Perissodac
tyla
Perissodac
tyla

Leporidae

Rabbit

Oryctolagus

cuniculus

Aslan, 1994

C6-8

T1

4

Leporidae

Rabbit

Oryctolagus

cuniculus

Yilmaz et al.,
1995

C5-8

T1-2

6

Leporidae

Rabbit

Oryctolagus

cuniculus

Harris, 1939

C5-8

T1

5

Platypus

Ornithorhynchus

anatinus

Koizumi and
Sakai, 1997

C4-8

T1

6

Platypus

Ornithorhynchus

anatinus

Harris, 1939

C4-8

T1-2

7

Platypus

Ornithorhynchus

anatinus

Howell, 1937

C(4)5-8

T1(2)

5-7

Platypus

Ornithorhynchus

anatinus

McKay, 1894

C4-8

T1-2

7

Tachyglossa

Echidna

Echidna (=
Tachyglossus)

hystrix (=
aculeatus)

Harris, 1939

C4-8

T1-2

7

Tachyglossa

Echidna

Tachyglossus

aculeatus

C4-8

T1

6

Equidae

"Equids"

-

-

C6-8

T1-2

5

Equidae

Horse

Equus

caballus

C6-8

T1-2

5

Equidae

Asian donkey

Equus

asinus

C6-8

T1-2

5

Rhinocerotidae

Sumatran rhino

Dicerorhinus

sumatrensis

C5-8

T1-2

6

C7-10

T1(T2)

5-6

C8-10

T1-2

5

C7-9

T1

4

C4-8

T1

6

C5-8

T1

5

C4-7

n/a

4

C5-8

T1

5

C(4)5-8

T1

5-6

Ornithorhynchida
e
Ornithorhynchida
e
Ornithorhynchida
e
Ornithorhynchida
e

Mammalia

Pilosa

Bradypodidae

Maned sloth

Bradypus

torquatus

Mammalia

Pilosa

Bradypodidae

Three-toed sloth

Bradypus

tridactylus

Mammalia

Pilosa

Bradypodidae

Three-toed sloth

Bradypus

tridactylus

Mammalia

Pilosa

Bradypodidae

Three-toed sloth

Bradypus

variegatus

Mammalia

Pilosa

Megalonychidae

Two-toed sloth

Choloepus

didactylus

Mammalia

Pilosa

Megalonychidae

Hoffmann's two-toed
sloth

Choloepus

hoffmanni

Mammalia

Pilosa

Giant anteater

Myrmecophaga

tridactyla

Mammalia

Pilosa

Giant anteater

Myrmecophaga

tridactyla

Myrmecophagida
e
Myrmecophagida
e

Koizumi and
Sakai, 1997
Getty, 1986
(via Moura et
al., 2007)
Levine et al.,
2007
Backus et al.,
2015
Backus et al.,
2015
de Melo Cruz
et al., 2013
Giffin and
Gillett, 1996
Harris, 1939
Amorim
Júnior et al.,
2003
Endo et al.,
2013
Giffin and
Gillett, 1996
Souza et al.,
2014
Harris, 1939

Lesser anteater

Tamandua

tetradactyla

Primates

Myrmecophagida
e
Aotidae
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C5-8

T1

5

trivirgatus

Cruz et al.,
2012
Mizuno, 1966

Owl monkey

Mammalia

Primates

Aotidae

Owl monkey

Mammalia

Primates

Atelidae

Spider monkey

Aotus
Nyctipithecus (=
Aotus)
Ateles

C5-8

T1

5

azarae

Bolk, 1902

C5-8

T1

5

belzebuth

Bolk, 1902

C5-8

T1

5

Mammalia

Primates

Atelidae

Northern Muriqui

Brachyteles

hypoxanthus

C5-8

T1

5

Woolly monkey

Lagothrix

-

C5-8

T1

5

Atelidae

Woolly monkey

Lagothrix

-

C5-8

T1

5

Primates

Atelidae

Woolly monkey

Lagothrix

-

Hill, 1962
Cruz and
Adami, 2010
Kawashima et
al., 2009
Robertson,
1944

Mammalia

Primates

Atelidae

Mammalia

Primates

Mammalia

C5-8

T1?

5

Mammalia

Primates

Atelidae

Howler monkey

seniculus

Bolk, 1902

C5-8

T1

5

Mammalia

Primates

Callitrichidae

Golden-lion tamarin

rosalia

Bolk, 1902

C5-8

T1(T2)

5-6

Mammalia

Primates

Cebidae

Capuchin

Cebus

?

C5-8

T1

5

Mammalia

Primates

Cebidae

Capuchin

Cebus

Bolk, 1902

C5-8

T1

5

Mammalia

Primates

Cebidae

Capuchin

Cebus

hypoleucus (=
capucinus)
apella

Paterson,
1887

C(4)5-8

T1

5-6

Mammalia

Primates

Cebidae

Capuchin

Cebus

apella

Harris, 1939
Ribeiro et al.,
2005

C5-8

T1

5

Mammalia

Primates

Cebidae

Cebus

capucinus

Mizuno, 1969

C5-8

T1

5

Mammalia

Primates

Cebidae

xanthosternos

Harris, 1939

C5-8

T1

5

Mammalia

Primates

Cebidae

Squirrel monkey

sciurea (=
sciureus)

Bolk, 1902

C5-8

T1-2

6

Mammalia

Primates

Cebidae

Squirrel monkey

Saimiri

Araujo et al.,
2012

C4-8

T1

6

Mammalia

Primates

Cercopithecidae

Guenon

Cercopithecus

Bolk, 1902

C5-8

T1-2

6

Mammalia

Primates

Cercopithecidae

Vervet

Chlorocebus

Booth, 1991

C5-8

T1-2

6

Colobus

Bolk, 1902

C5-8

T1

5

Mammalia

Pilosa

Mammalia

White-headed
capuchin
Golden-bellied
capuchin

Mycetes (=
Alouatta)
Midas (=
Leontopithecus)

Cebus (=
Sapajus)
Chrysothrix (=
Saimiri)

sciureus
albigularis (=
mitis)
pygerythrus

Mammalia

Primates

Cercopithecidae

Black and white
colobus

ursinus (=
vellerosus)

Mammalia

Primates

Cercopithecidae

Baboon

Cynocephalus (= Papio)

Bolk, 1902

C5-8

T1-2

6

Mammalia

Primates

Cercopithecidae

Macaque

Macaca

Brooks, 1883

C4-8

T1

6

-
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Macaca

-

Howell and
Straus, 1947

C5-8

T1-2

6

Macaca

cyclopis

Horiuti, 1942

C5-8

T1-2

6

Macaca

cyclopis

Sugiyama,
1965

C5-8

T1-2

6

Crab-eating macaque

Macaca

fascicularis

Horiuti, 1942

C5-8

T1

5

Cercopithecidae

Macaque

Macaca

fuscata

C4-8

T1

6

Primates

Cercopithecidae

Rhesus macaque

Macaca

mulatta

(C4)C5-8

T1(T2)

5-7

Mammalia

Primates

Cercopithecidae

Rhesus macaque

Macaca

mulatta

C5-8

T1-T2

6

Mammalia

Primates

Cercopithecidae

Rhesus macaque

Macaca

mulatta

C5-8

T1

5

Mammalia

Primates

Cercopithecidae

Rhesus macaque

Macaca

mulatta

C5-8

T1

5

Mammalia

Primates

Cercopithecidae

Rhesus macaque

Macaca

mulatta

C5-8

T1

5

Mammalia

Primates

Cercopithecidae

Rhesus macaque

Macaca

mulatta

C5-8

T1-2

6

Mammalia

Primates

Cercopithecidae

Rhesus macaque

Macaca

mulatta

C5-8

T1

5

Mammalia

Primates

Cercopithecidae

Macaque

Macaca

sp

C5-8

T1(2)

5

Mammalia

Primates

Cercopithecidae

Macaque

Macaca

sp

C5-8

T1(2)

5

Mammalia

Primates

Cercopithecidae

Macaque

C5-8

T1-2

6

Mammalia

Primates

Cercopithecidae

Proboscis monkey

Macaus (=
Macaca)
Nasalis

Horiuti, 1942
Chase and
DeGaris,
1940
Hartman and
Straus, 1933
Horiuti, 1942
Lu et al.,
2013
Santos-Sousa
et al., 2016
Harris, 1939
Tokiyoshi et
al., 2004
Horiuti, 1942
Ono, 1936;
1937

Mammalia

Primates

Cercopithecidae

Chacma baboon

Papio

ursinus

Mammalia

Primates

Cercopithecidae

Hamadryas baboon

Papio

hamadryas

Mammalia

Primates

Cercopithecidae

Baboon

Papio

cynocephalus

Mammalia

Primates

Cercopithecidae

Drill

Mammalia

Primates

Cercopithecidae

Mandrill

Mandrillus
Cynocephalus (=
Mandrillus)

leucophaeus
mormon (=
sphinx)

Mammalia

Primates

Cercopithecidae

Rhinopithecus

brelichi

Mammalia

Primates

Cercopithecidae

Rhinopithecus

beiti

Mammalia

Primates

Cercopithecidae

Mammalia

Primates

Cercopithecidae

Mammalia

Primates

Cercopithecidae

Mammalia

Primates

Cercopithecidae

Mammalia

Primates

Mammalia

Macaque
Formosan rock
macaque
Formosan rock
macaque

Black snub-nosed
monkey
Black snub-nosed
monkey

niger (= nigra)

Bolk, 1902

lavartus

Harris, 1939
Booth et al.,
1994
Harris, 1939
Swindler and
Wood, 1973
Sonntag, 1922

C5-8?

T1-2

6

C5-8

T1-2

6

C5-8

T1(2)

5-6

C5-8

T1

5

C4-8

T1

6

Bolk, 1902

C5-8

T1-2

C5-8

T1

5-7

(C4)C5-8

T1

5-6

Ye et al.,
1983
Ye et al.,
1983

Mammalia

Primates

Cercopithecidae

Golden snub-nosed
monkey

Mammalia

Primates

Cercopithecidae

Proboscis monkey

Mammalia

Primates

Cercopithecidae

Mammalia

Primates

Mammalia
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Rhinopithecus

roxellanae

Hanuman langur

Semnopithecus (=
Nasalis)
Semnopithecus

nasicus (=
larvatus)
entellus

Cercopithecidae

Hanuman langur

Semnopithecus

entellus

Primates

Cheirogaleidae

Mouse lemur

Microcebus

rufus

Mammalia

Primates

Galagidae

Bushbaby

Galago

-

Mammalia

Primates

Galagidae

Bushbaby

Galago

senegalensis

Mammalia

Primates

Galagidae

Brown greater galago

Otolemur

crassicaduatus

Mammalia

Primates

Galagidae

Northern greater
galago

Otolemur

gamettii
pangariensis

Mammalia

Primates

Hominidae

Gorilla

Gorilla

-

Mammalia

Primates

Hominidae

Gorilla

Gorilla

-

Mammalia

Primates

Hominidae

Gorilla

Gorilla

-

Mammalia

Primates

Hominidae

Gorilla

Gorilla

-

Mammalia

Primates

Hominidae

Gorilla

Gorilla

-

Mammalia

Primates

Hominidae

Gorilla

Gorilla

-

Mammalia

Primates

Hominidae

Common chimp

Troglodytes (=
Pan)

niger (=
troglodytes)

Mammalia

Primates

Hominidae

Common chimp

Pan

troglodytes

Mammalia

Primates

Hominidae

Common chimp

Pan

troglodytes

Mammalia

Primates

Hominidae

Common chimp

Pan

troglodytes

Mammalia

Primates

Hominidae

Common chimp

Pan

troglodytes

Mammalia

Primates

Hominidae

Common chimp

Pan

troglodytes

Ye et al.,
1983

C5-8

T1

5

Bolk, 1902

C5-8

T1

5

(C4)C5-8

T1(T2)

5-7

(C4)C5-8

T1

6

C5-8

T1-2

6

C5-8

T1-2

6

C5-8

T1

5

C5-8

T1-2

6

C5-8

T1-2

6

C4-8

T1

6

C4-8

T1

6

C4-8

T1

6

C4-8

T1-2

7

C4-8

T1

6

C4-8

T1

6

C4-8

T1

6

C5-8

T1

5

C5-8

T1

5

C4-8

T1

6

C4-8

T1

6

(C4)C5-8

T1

5-6

Ayer, 1948
Paterson,
1887
Kawashima et
al., 2015
Kanagasunthe
ram and
Jayawardene,
1957
Kawashima et
al., 2015
Kawashima et
al., 2015
Kawashima et
al., 2015
Eisler, 1890
(via Bolk,
1902)
Hepburn,
1892
Koizumi and
Sakai, 1995
Miller, 1934
Harris, 1939
Preuschoft,
1964
Bolk, 1902
Champneys
1871
Chapman,
1879
Harris, 1939
Hepburn,
1892
Kawashima
and Sato,
2012
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Mammalia

Primates

Hominidae

Common chimp

Pan

troglodytes

Mammalia

Primates

Hominidae

Common chimp

Pan

troglodytes

Mammalia

Primates

Hominidae

Common chimp

Pan

troglodytes

Mammalia

Primates

Hominidae

Common chimp

Pan

troglodytes

Mammalia

Primates

Hominidae

Common chimp

Pan

troglodytes

Mammalia

Primates

Hominidae

Common chimp

Pan

troglodytes

Mammalia

Primates

Hominidae

Common chimp

Pan

satyrus (=
troglodytes)

Mammalia

Primates

Hominidae

Common chimp

Pan

troglodytes

Mammalia

Primates

Hominidae

Orangutan

Simia (= Pongo)

Mammalia

Primates

Hominidae

Orangutan

Pongo

satyrus (=
pygmaeus)
-

Mammalia

Primates

Hominidae

Orangutan

Pongo

-

Mammalia

Primates

Hominidae

Orangutan

Pongo

-

Mammalia

Primates

Hominidae

Orangutan

Pongo

-

Mammalia

Primates

Hominidae

Orangutan

Pongo

-

Mammalia

Primates

Hominidae

Orangutan

Pongo

pygmaeus

Mammalia

Primates

Hylobatidae

Agile gibbon

Hylobates

agilis

Mammalia

Primates

Hylobatidae

Gibbon

Hylobates

muelleri

Mammalia

Primates

Hylobatidae

Gibbon

Hylobates

mulleri (=
muelleri)

Mammalia

Primates

Hylobatidae

White-handed gibbon

Hylobates

lar

Mammalia

Primates

Hylobatidae

Gibbon

Hylobates

-

Mammalia

Primates

Hylobatidae

Gibbon

Hylobates

-

Mammalia

Primates

Hylobatidae

Gibbon

Hylobates

-

Mammalia

Primates

Hylobatidae

Western hoolock
gibbon

Hylobates (=
Hoolock)

hulok (=
hoolock)

Koizumi and
Sakai, 1995
Kuskabe et
al., 1965
Miller, 1934
Saberton,
1906
Sonntag, 1924
Swindler and
Wood, 1973

C4-8

T1

6

C4-8

T1

6

C4-8

T1

6

(C4)C5-8

T1

5-6

C5-8

T1

5

C4-8

T1

6

Harris, 1939

C4-8

T1

6

Tanoue and
Arakawa,
1963

C4-8

T1

6

Bolk, 1902

C4-8

T1-2

7

Harris, 1939
Hepburn,
1892
Miller, 1934
Mizoguchi et
al., 1967
Sonntag, 1924

C4-8

T1

6

C4-8

T1

6

C4-8

T1-2

7

C4-8

T1

6

C4-8

T1(2)

6-7

Harris, 1939
Kawashima et
al., 2007
Kawashima et
al., 2008

C4-8

T1

6

C5-8

T1

5

C5-8

T1

5

Bolk, 1902

C4-8

T1

6

C5-8

T1

5

C5-8

T1

5

C4-8

T1

6

C5-8

T1

5

Kawashima et
al., 2008
Koizumi,
1980
Miller, 1934
Nishimura et
al., 1965
Harris, 1939
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Mammalia

Primates

Hylobatidae

Simiang

Symphalangus

syndactulus

Mammalia

Primates

Hylobatidae

Simiang

Symphalangus

syndactulus

Mammalia

Primates

Indriidae

Woolly lemur

Avahi

langer

Mammalia

Primates

Indriidae

Sifaka

Propithecus

-

Mammalia

Primates

Indriidae

Sifaka

Propithecus

verreauxi

Mammalia

Primates

Lemuridae

Brown lemur

Eulemur

fulvus

Mammalia

Primates

Lemuridae

Black lemur

Eulemur

macaco

Mammalia

Primates

Lemuridae

Ring-tailed lemur

Lemur

-

Mammalia

Primates

Lemuridae

Ring-tailed lemur

Lemur

catta

Mammalia

Primates

Lemuridae

Ruffed lemur

Lemur (=
Varecia)

variegatus (=
variegata)

Mammalia

Primates

Lemuridae

Sportive lemur

Lepilemur

Mammalia

Primates

Lemuridae

Sportive lemur

Lepilemur

mustelinus
leucopus

Mammalia

Primates

Lemuridae

Ruffed lemur

Varecia

variegata

Mammalia

Primates

Lorisidae

Slender loris

Loris

-

Mammalia

Primates

Lorisidae

Slow loris

Nycticebus

coucang

Mammalia

Primates

Lorisidae

Slow loris

Nycticebus

coucang

Mammalia

Primates

Lorisidae

Potto

Perodicticus

-

Mammalia

Primates

Lorisidae

Potto

Perodicticus

potto

Mammalia

Primates

Tarsiidae

Spectral tarsier

Tarsius

spectrum

Elephantidae

Indian elephant

Elephas

maximus

Elephantidae

Indian elephant

Elephas

maximus

Elephantidae

Indian elephant

Elephas

maximus

Caviidae

Guinea pig

Cavia

porcellus

Mammalia
Mammalia
Mammalia
Mammalia

Proboscid
ea
Proboscid
ea
Proboscid
ea
Rodentia

Kawashima et
al., 2008
Koizumi,
1980
Kawashima et
al., 2015
Bolk, 1902
Kawashima et
al., 2015
Kawashima et
al., 2015
Bolk, 1902

C5-8

T1

5

C5-8

T1

5

C5-8

T1

5

C5-8

T1-2

6

C5-8

T1

5

C5-8

T1

5

C5-8

T1

5

Bolk, 1902
Kawashima et
al., 2015

C5-8

T1

5

C5-8

T1

5

Harris, 1939

C5-8

T1-2

6

Bolk, 1902
Kawashima et
al., 2015
Kawashima et
al., 2015
Kanagasunthe
ram and
Mahran, 1960
Kawashima et
al., 2015
Harris, 1939

C5-8

T1

5

C6-8

T1(T2)

4-5

C5-8

T1-2

6

C5-8

T1-2

6

C5-8

T1-2

6

C5-8

T1

5

Bolk, 1902
Kawashima et
al., 2015
Woollard,
1924
Kusakabe et
al., 1965a
Mayeda and
Suzuki, 1940
Wakuri and
Kano, 1966
Cooper and
Schiller, 1975

C5-8

T1

5

C5-8

T1-2

6

C5-8

T1-2

6

C4-8

T1-2

7

C4-8

T1-2

7

C5-8

T1-2

6

Paterson,
1887
Fioretto et al.,
2003
Santana et al.,
2003
Gamba et al.,
2007
Scavone et
al., 2008
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Mammalia

Rodentia

Caviidae

Guinea pig

Cavia

porcellus

Mammalia

Rodentia

Caviidae

Capybara

Hydrochoerus

hydrochaeris

Mammalia

Rodentia

Caviidae

Rock cavy

Kerodon

rupestris

Mammalia

Rodentia

Chinchillidae

Chinchilla

Chinchilla

sp

Mammalia

Rodentia

Cuniculidae

Paca

Cuniculus

sp

Mammalia

Rodentia

Dipodidae

Greater Egyptian
jerboa

Jaculus

orientalis

Harris, 1939

Mammalia

Rodentia

Hystricidae

Porcupine

Mammalia

Rodentia

Hystricidae

Crested porcupine

Atherura (=
Atherurus)
Hystrix

fascicularis (=
?)
cristata

Paterson,
1887
Aydin, 2003

Mammalia

Rodentia

Hystricidae

Crested porcupine

Hystrix

cristata

Mammalia

Rodentia

Muridae

Mice

?

?

Mammalia

Rodentia

Muridae

Mice

?

?

Mammalia

Rodentia

Muridae

Rat

Rattus

?

Mammalia

Rodentia

Muridae

Rat

Rattus

?

Mammalia

Rodentia

Muridae

Rat

Rattus

?

Mammalia

Rodentia

Muridae

Rat

Rattus

?

Harris, 1939
Bogusch,
1987
Cook, 1965
Bertelli et al.,
1992
Chiasson,
1994
Paterson,
1887
Greene, 1968

Mammalia

Rodentia

Pedetidae

South African
springhare

Pedetes

capensis

Parsons, 1898

Mammalia

Rodentia

Sciuridae

Pallas's squirrel

Mammalia

Rodentia

Sciuridae

Mammalia

Rodentia

Sciuridae

Mammalia

Rodentia

Mammalia

Rodentia

Mammalia

Rodentia

Mammalia

Scandenti
a

Sciuridae

Indian giant flying
squirrel
Southern flying
squirrel
Red squirrel

Sciuridae

Tupaiidae

Callosciurus

erythraeus

Petaurista

philippensis

Pteromys

volans

Sciurus

vulgaris

Red squirrel

Sciurus

vulgaris

Mole-rat

Spalax

leucodon

Common tree shrew

Tupaia

glis

Kawashima et
al., 2016
Kawashima et
al., 2016
Kawashima et
al., 2016
Aydin, 2011
Harris, 1939
Aydin and
Karan, 2012
Kawashima et
al., 2012

C5-8

T1

C4-8

T1

6

C5-8

T1

5

C6-8

T1

5

C5-8

T1-2

6

C5-8

T1

5

C6-8

T1

C5-8

T1-2

6

C5-8

T1-2

6

C5-8

T1

5

C5-8

T1

5

C5-8

T1

5

C5-8

T1-2

6

C5-8

T1

5

C5-8

T1-2

6

C5-8

T1

5

C5-8

T1

5

C5-8

T1

4-5

C5-8

T1

5

C5-8

n/a

4

C6-8

T1(2)

4-5

C5-8

T1

5

C5-8

T1(T2)

5-6

Mammalia
Mammalia

Scandenti
a
Scandenti
a

Tupaiidae

Terrestrial tree shrew

Tupaia

tana paitana

Tupaiidae

Philippine treeshrew

Urogale

everetti
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Mammalia

Sirenia

Trichechidae

West Indian manatee

Trichechus

manatus

Mammalia

Sirenia

Trichechidae

Amazonian manatee

Trichechus

ingunguis

Mammalia

Sirenia

Trichechidae

Manatee

Trichechus

?

Reptilia

-

-

Most "reptiles"

-

-

Reptilia

Crocodilia

Alligatoridae

American alligator

Alligator

mississippiensis

Reptilia

Crocodilia

Alligatoridae

Specticaled caiman

Caiman

corcodilus

Reptilia

Crocodilia

Crocodylidae

American crocodile

Crocodylus

acutus

Reptilia

Crocodilia

Crocodylidae

American crocodile

Crocodylus

acutus

Reptilia

Crocodilia

Crocodylidae

Nile crocodile

Crocodylus

niloticus

Reptilia

Rhynchoc
ephalia

Sphenodontidae

Tuatara

Sphenodon

punctatus

Reptilia

Squamata

Agamidae

Agama lizard

Agama

atra

Reptilia

Squamata

Agamidae

Agama lizard

Agama

stellio

Reptilia

Squamata

Agamidae

Forest lizard

Calotes

cristalellus

Kawashima et
al., 2012
Kawashima et
al., 2012
Giffin and
Gillett, 1996
Harris, 1939
Murie, 1872,
1880
Hirasawa and
Kuratani,
2013
Fürbringer,
1900 (via
Hirasawa and
Kuratani,
2013)
Harris, 1939
Fürbringer,
1876, 1900
(via Hirasawa
and Kuratani,
2013)
Harris, 1939
Harris, 1939
Fürbringer,
1900 (via
Hirasawa and
Kuratani,
2013)
Fürbringer,
1900 (via
Hirasawa and
Kuratani,
2013)
Fürbringer,
1900 (via
Hirasawa and
Kuratani,
2013)
Fürbringer,
1900 (via

C5-8

T1(T2)

5-6

C5-8

T1(T2)

5-6

C3-7

T1

6

C5-8

T1

5

C5-8

T1

5

C6-8

T1

C7-9

T1(T2)

4-5

C7-10

T1

5

C7-9

T1(T2)

4-5

C7-10

n/a

4

C8-10

n/a

3

C6-8

T1(T2,
T3)

4-6

C6-8

T1(T2)

4-5

C7-9

T1

4

C6-8

T1(T2)

4-5

Squamata

Agamidae

Forest lizard

Calotes

jabatus

Reptilia

Squamata

Agamidae

Flying lizard

Draco

lineatus

Reptilia

Squamata

Agamidae

Flying lizard

Draco

volans

Reptilia

Squamata

Agamidae

Egyptian spiny-tailed
lizard

Uromastyx

spinipes (=
aegyptia)

Reptilia

Squamata

Agamidae

Hardwicke's spinytailed lizard

Uromastyx (=
Saara)

hardwickii
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Reptilia

Reptilia

Squamata

Chamaeleonidae

Chameleon

Chamaeleo

verrucosus

Reptilia

Squamata

Chamaeleonidae

Chameleon

Chamaeleo

vulgaris

Reptilia

Squamata

Cordylidae

?

Zonorus (=
Smaug)

cordylus

Reptilia

Squamata

Cordylidae

Giant girdled lizard

Zonorus (=
Smaug)

giganteus

Hirasawa and
Kuratani,
2013)
Fürbringer,
1900 (via
Hirasawa and
Kuratani,
2013)
Fürbringer,
1900 (via
Hirasawa and
Kuratani,
2013)
Fürbringer,
1900 (via
Hirasawa and
Kuratani,
2013)
Fürbringer,
1876 (via
Hirasawa and
Kuratani,
2013)
Harris, 1939
Fürbringer,
1900 (via
Hirasawa and
Kuratani,
2013)
Fürbringer,
1876, 1900
(via Hirasawa
and Kuratani,
2013)
Fürbringer,
1900 (via
Hirasawa and
Kuratani,
2013)
Fürbringer,
1900 (via
Hirasawa and

C6-8

T1

4

C6?, C7-8

T1(T2)

3-5

C6?, C7-8

T1(T2)

3-5

C6-8

T1

4

C6-8

n/a

3

C3-5

T1

4

C3-5

T1

4

C6-8

T1

4

(C5)C6-8

T1

4-5
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Reptilia

Squamata

Gekkonidae

Gecko

Gekko

verticillatus (=
gekko)

Reptilia

Squamata

Gekkonidae

House gecko

Hemidactylus

mabouia

Reptilia

Squamata

Gekkonidae

Leaf-tailed gecko

Uroplatus

fimbriatus

Reptilia

Squamata

Helodermatidae

Gila monster

Heloderma

suspectum

Reptilia

Squamata

Helodermatidae

Gila monster

Heloderma

suspectum

Reptilia

Squamata

Iguanidae

Iguana

Iguana

sp

Reptilia

Squamata

Iguanidae

Horned lizard

Phrynosoma

cornutum

Reptilia

Squamata

Phyllodactylidae

Wall gecko

Platydactylus (=
Tarentola)

aegyptiacus (=
annularis)

Reptilia

Squamata

Phyllodactylidae

Wall gecko

Tarentola

mauritanica

Reptilia

Squamata

Scincidae

Skink

Chalcides

tridactylus

Kuratani,
2013)
Fürbringer,
1900 (via
Hirasawa and
Kuratani,
2013)
Fürbringer,
1900 (via
Hirasawa and
Kuratani,
2013)
Fürbringer,
1900 (via
Hirasawa and
Kuratani,
2013)
Fürbringer,
1900 (via
Hirasawa and
Kuratani,
2013)
Harris, 1939
Howell, 1936
(via Hirasawa
and Kuratani,
2013)
Fürbringer,
1900 (via
Hirasawa and
Kuratani,
2013)
Fürbringer,
1876 (via
Hirasawa and
Kuratani,
2013)
Fürbringer,
1900 (via
Hirasawa and
Kuratani,
2013)
Fürbringer,
1900 (via

C6-8

T1(T2)

4-5

C6-8

T1(T2)

4-5

C6-8

T1(T2)

4-5

C5-8

n/a

4

C6-8

T1

4

C6-8

T1

4

(C5)C6-8

T1

4-5

C6-8

T1

4

C6-8

T1(T2)

4-5

C6-8

T1

4

Hirasawa and
Kuratani,
2013)
Fürbringer,
1900 (via
Hirasawa and
Kuratani,
2013)
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Reptilia

Squamata

Scincidae

Writhing skink

Lygosoma

smaragdinum

C6-8

T1(T2)

4-5

Reptilia

Squamata

Scincidae

Indonesian bluetonged skink

Tiliqua

gigas

Harris, 1939

C6-8

T1

4

Reptilia

Squamata

Scincidae

Stump-tailed skink

Reptilia

Squamata

Teiidae

Argentine black and
white tegu

Trachydosaurus (
= Tiliqua)
Tupinambis (=
Salvator)

rugosus (=
rugosa)
teguixin (=
merianae)

Harris, 1939

C6-8

T1

4

Harris, 1939

C6-8

T1

4

Reptilia

Squamata

Varanidae

"Varanid lizards"

-

-

Reptilia

Squamata

Varanidae

Asian water monitor

Varanus

salvator

Reptilia

Squamata

Varanidae

Desert monitor

Varanus

griseus

Hirasawa and
Kuratani,
2013
Fürbringer,
1900 (via
Hirasawa and
Kuratani,
2013)
Harris, 1939

C7-9

T1

C6-8

T1

C6-8

T1

4

Reptilia

Squamata

Varanidae

Savannah monitor

Varanus

exanthematicus

Harris, 1939

C6-8

T1

4

Reptilia

Testudine
s

Cheloniidae

Hawkbill sea turtle

Chelone (=
Eretmochelys)

imbricata

Harris, 1939

C6-9

n/a

4

Reptilia

Testudine
s

Emydidae

Pond slider

Emys (=
Trachemys)

serrata (=
scripta)

C6-9

n/a

4

Reptilia

Testudine
s

Testudinidae

Leopard tortoise

Testudo (=
Stigmochelys)

Fürbringer,
1874 (via
Hirasawa and
Kuratani,
2013)

pardalis

Harris, 1939

C7-10

n/a

4

Reptilia

Testudine
s

Trionychidae

Chinese soft-shelled
turtle

Trionyx (=
Pelodiscus)

japonicus (=
sinensis)

C6-9

n/a

4

Sarcopterygii

-

-

-

-

-

Oc1-3

Sp1-3

6

Fürbringer,
1874 (via
Hirasawa and
Kuratani,
2013)
Ma et al.,
2010

4

Appendix 2 – Character matrix
Appendix Table 2 – Character matrix
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Gorilla
Pan
Homo
Pongo
Symphalangus
Hylobates
Cercopithecus
Colobus
Semnopithecus
Macaca
Miopithecus
Mandrillus
Papio
Aotus
Alouatta
Ateles
Cacajao
Callithrix
Cebus
Lagothrix
Leontopithecus
Saguinus
Saimiri
Eulemur
Lemur
Nycticebus
Galago
Lepilemur
Varecia
Tarsius
Tupaia
Cynocephalus
Rattus

02333330010010103111111011111111111111111113111010211??11011102111012110111101111111011001111111101
023333300120111131113211111111111111111111131112133311111011122??1112110111101101131011011111111100
013333300120111131113000111111111111111112231110133311111011111001112000111110111131011011110111111
023333300120111131113000111111111111111112130112113310?11011100??10221101111011111310110111111111?0
003333300120111121001002111111111011111112122000133310?01110102??10222101111011111010100011101111?0
003333300120111121000003111111111011111112121?02133310?11110102??10222101111011111010100011101111?0
00333333012111112011301011111111111111111??3111311031??110111????1?111112111?11101010100111?00111??
00333333012111112011311011111111111111111221300310151??1111110???1?2110121110111010101?01111001???0
003333330?20111120113000111111111111111??033211210?31??1101110???1?111012111???1010101?01111?01????
00333332012011112011300011111111111111111133211110401??1101110???1?111012111011101010100111100111?1
003333310120111120113000111111111111111111?3111210431??11011100??1?111011111011101010100111100111??
00333333011011112011301011111111111111111014211211451??110111001?1?1111121111111010101?011110011?11
003333330120111120113000111111111111111111??0112114?1??11011120??1?11111211101110101011011110011?11
00333330012111112011330011111111111111111224100211141??1101110???1?101111110011??11101?0?11???????0
0033333001211111201????01111111111111111103?110111231??1111112?????111?11?????10?11101?0??1???????1
00333330011111112011231011111111111111111013201111231??110111??1?1?111?1111??110?1111010??1???????1
00333330012111112011332011111111111111111??3301211431???10111020?1?111101111011101110110?1110??11??
00333330012111112011330011111111111111111014110311241??110111????1?11111?1110011?11101?0??11??????0
00333331011111112011330011111111111111111013010111?31??110111???11?11111?11??1?101?10110?11????11?0
00333330012011112011320011111111111111111??20111?1141??11011010111?101?1111101??011101100111000???0
003333300120111120113200111111111111111111?3010111111??111111????1?111111111111101110110?1110?????0
00333330012111112011330011111111111111111202301311141??111111????1?111101111011101110110?1110?????0
00333330012111112011330011101111111111111221300111441??1110000???1?11111111101111101011??1111?????0
00333332010101112001330011111111111111111204201111?31??000012????1?41300??????11?1?101????????????0
00333333010101112001330011111111111111111204201111431??000012????1?413101???01-0?11101?0?11???????1
003333330101011120013300111111111111111?1??3201011131??11011102?11?40311211??111?1110110111?1??31??
0033333301010111200133001111111111111111101?20?111441??110111????1?111112????111?1010100???1??????1
0033333301000111200133001?1111111111111????4?11010451??010112????1?411112?????????????????????????1
003333330120111120013300111111111111111??????110?04????110111??????11??11?????????????????????????1
003333330121111120013300111111111111111110??3011?0441??110111????1?411112?1??????111011???????????1
003333330021011120113000111111111111111??00??01110431??00000000??1?330111??11??1010101????11???11?1
003333330100011020113300111111111111111??213?0101014???100112????1?413112?????????????????????????1
023333320130101010113000111111111111111??211301114141??000011????1?14400??????????0???????????????0

Appendix 3 – Molecular divergence dates
Appendix Table 3 - Molecular divergence dates in Mya for crown primate clades afer Pozzi et al., (2014) – indicates no estimate
provided for clade by study.
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Primates
Strepsirrhini
Lorisiformes
Lemuriformes
Haplorhini
Anthropoidea
Platyrrhini
Catarrhini
Cercopithecoidea
Colobinae
Cercopithecinae
Hominoidea

Steiper
and
Young,
2006
77.5
57.1
40.9
42.9
30.5
30.5

Amason
et al.,
2008

Matsui
et al.,
2009

Fabre
et al.,
2009

Chatterjee
et al.,
2009

Perelman
et al.,
2011

Wilkinson
et al.,
2011

Jameson
et al.,
2011

Springer
et al.,
2012

Finstermeier
et al., 2013

Pozzi et al.,
2014

80
70
35.4
55
9
-

76
64.5
39.5
70.1
45.3
30.5
19.9

78.8
67.1
37.5
47.3
37.7
14.5
23.9
13.3
8.7
9.1
18.6

63.7
51.6
32.4
42.8
26.6
29.3
23.4
18.4
18.6
21.5

87.2
68.7
40.3
38.6
81.3
43.5
24.8
31.6
17.6
12.3
11.5
20.3

84.5
49.8
34.4
47.2
25.1
31
14.1
10.3
19.2

72.6
52.4
68.6
40
25.4
-

67.8
54.2
34.7
31.8
61.2
40.6
23.3
25.1
13.2
8.9
8.4
17.4

66.2
56.9
34.5
35.5
63.1
45.3
22
31.9
22.8
15.5
14.9
20.3

74.1
66.3
40.3
43.5
70
46.7
20.9
32.1
20.8
14.1
14.1
22.3

Appendix 4 – Linear model outputs
Appendix Table 4.1 – Linear model outputs including all clades. Millions of years since clade divergence as independent variable.
MYD = Millions of years since divergence from sister clade, UC = Unambiguous character state changes, RSYNAP = Reconstructed
synapomorphies, UC+AC/MY = Unambiguous character state changes and ambiguous character state changes divided by millions of
years since divergence from sister clade, UC/MY = Unambiguous character state changes divided by millions of years since
divergence from sister clade. Significant P-values indicated by underlining (e.g., p = 0.01). α = 0.05.

Euarchonta (Primatomorpha + Tupaia)
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Primatomorpha
Primates
Haplorrhini
Anthropoidea
Platyrrhini
Atelidae
Aotidae + Cebidae + Callitrichidae
Aotidae + Callitrichidae
Cebidae
Catarrhini
Cercopithecoidea
Cercopithecinae
Papionini
Papio + Mandrillus
Hominoidea
Hominidae
Homininae
Pan + Homo
Hylobatidae

All Clades
Predictions
RSynap UC+AC/MY

MYD

UC

94.1
79.6
73
68.84
46.81
22.73
14.76

1.06
1.17
1.23
1.26
1.44
1.63
1.69

3.55
3.57
3.58
3.58
3.62
3.65
3.66

20.09
19.48
18.56
30
21.41
14.87
12.85
11.35
19.6
15.13
8.65
6.17
19.6

1.65
1.66
1.66
1.57
1.64
1.69
1.71
1.72
1.66
1.69
1.74
1.76
1.66

3.66
3.66
3.66
3.64
3.65
3.66
3.67
3.67
3.66
3.66
3.67
3.68
3.66

UC/MY

UC

RSYNAP

Residuals
UC+AC/MY

UC/MY

-0.04
0.01
0.03
0.05
0.13
0.21
0.24

-0.02
0.01
0.02
0.02
0.05
0.09
0.10

-1.06
1.83
-0.23
-0.26
-0.44
-0.63
1.31

-1.55
1.43
2.42
-1.58
1.38
0.35
0.34

0.06
0.05
0.05
-0.02
-0.02
-0.03
0.03

0.02
0.03
-0.01
-0.01
-0.03
-0.05
0.10

0.22
0.23
0.23
0.19
0.22
0.24
0.25
0.26
0.23
0.24
0.27
0.28
0.23

0.09
0.10
0.10
0.08
0.09
0.10
0.10
0.11
0.09
0.10
0.11
0.11
0.09

-1.65
-1.66
-1.66
0.43
-1.64
-0.69
-1.71
-1.72
4.34
2.31
-1.74
-0.76
6.34

-1.66
-2.66
-2.66
0.36
-1.65
-2.66
-2.67
-2.67
4.34
2.34
0.33
-0.68
12.34

-0.12
-0.18
-0.18
-0.06
-0.13
-0.17
-0.17
-0.17
0.18
0.16
0.19
0.21
0.59

-0.09
-0.10
-0.10
-0.01
-0.09
-0.03
-0.10
-0.11
0.22
0.16
-0.11
0.05
0.32

Strepsirrhini
Lepilemuridae + Lemuridae
Lemuridae
Lemurinae
Galigidae
Variable
UC
RSYNAP
UC+AC/MY
UC/MY

62.73

1.31

3.59

33.26
1.55
3.64
20.54
1.65
3.66
15.01
1.69
3.66
38
1.51
3.63
Slopes and intercepts
Slope Error Intercept
-0.008 0.017
1.814
-0.001 0.028
3.686
-0.004 0.002
0.297
-0.001 0.001
0.124

0.07

0.03

-0.31

-0.59

-0.02

-0.01

0.18
0.22
0.24
0.16

0.07
0.09
0.10
0.07

-0.55
-0.65
1.31
-0.51

-1.64
-2.66
2.34
-2.63

-0.12
-0.17
0.16
-0.13

-0.04
-0.04
0.10
-0.04

Error
0.668
1.094
0.060
0.036

r
-0.099
-0.011
-0.446
-0.325

r2
0.010
0.000
0.198
0.106

p
0.636
0.958
0.026
0.113

455

Appendix Table 4.2. - Linear model outputs including all terminal taxa within Primates. Millions of years since clade divergence as
independent variable. MYD = Millions of years since divergence from sister clade, UC = Unambiguous character state changes,
RAutap = Reconstructed autapomorphies, UC+AC/MY = Unambiguous character state changes and ambiguous character state
changes divided by millions of years since divergence from sister clade, UC/MY = Unambiguous character state changes divided by
millions of years since divergence from sister clade. Significant P-values indicated by underlining (e.g., p = 0.01). α = 0.05.
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Alouatta
Aotus
Ateles
Cacajao
Callithrix
Cebus
Cercopithecus
Colobus
Eulemur
Galago
Gorilla
Homo
Hylobates
Lagothrix
Lemur
Leontopithecus
Lepilemur
Macaca
Mandrillus
Miopithecus
Nycticebus
Pan
Papio

MYD
14.76
19.48
9.14
22.73
15.03
18.56
11.49
15.43
15.01
38
8.65
6.17
6.59
9.14
15.01
15.03
33.26
12.85
11.35
11.49
38
6.17
11.35

UC
3.48
3.28
3.73
3.14
3.47
3.32
3.63
3.46
3.47
2.49
3.75
3.85
3.84
3.73
3.47
3.47
2.69
3.57
3.63
3.63
2.49
3.85
3.63

Primates
Predictions
RAutap UC+AC/MY UC/MY
4.65
0.40
0.31
4.45
0.35
0.26
4.89
0.47
0.37
4.31
0.31
0.23
4.64
0.40
0.31
4.49
0.36
0.27
4.79
0.44
0.35
4.62
0.40
0.31
4.64
0.40
0.31
3.66
0.12
0.08
4.91
0.48
0.37
5.02
0.51
0.40
5.00
0.51
0.40
4.89
0.47
0.37
4.64
0.40
0.31
4.64
0.40
0.31
3.86
0.17
0.12
4.73
0.43
0.33
4.80
0.45
0.35
4.79
0.44
0.35
3.66
0.12
0.08
5.02
0.51
0.40
4.80
0.45
0.35

UC
-1.48
-0.28
1.27
-0.14
-1.47
0.68
1.38
4.54
-0.47
0.51
5.25
4.15
-3.84
3.27
-2.47
0.53
-2.69
-2.57
0.37
-2.63
0.51
-0.85
-1.63

RAutap
-1.65
0.55
1.11
-1.31
-0.64
2.51
0.21
6.38
-1.64
0.34
6.09
2.98
-4.00
4.11
-2.64
1.36
-2.86
-0.73
-0.80
-2.79
0.34
-1.02
-2.80

Residuals
UC+AC/MY
-0.20
-0.09
0.19
-0.18
-0.13
0.02
0.00
0.31
-0.20
-0.01
0.79
0.79
-0.36
0.51
-0.27
0.00
-0.14
-0.12
-0.10
-0.27
-0.01
0.14
-0.27

UC/MY
-0.17
-0.11
0.18
-0.10
-0.18
-0.05
0.09
0.21
-0.11
0.00
0.67
0.90
-0.40
0.40
-0.24
-0.04
-0.12
-0.25
0.00
-0.26
0.00
0.09
-0.17

Pongo
Saguinus
Saimiri
Semnopithecus
Symphalangus
Tarsius
Varecia
Variable
UC
RAutap
UC+AC/MY
UC/MY

15.13
15.71
18.56
15.43
6.59
68.84
20.54

3.47
3.44
3.32
3.46
3.84
1.17
3.24

Slope
-0.043
-0.043
-0.012
-0.010

Error
0.035
0.039
0.004
0.004

4.64
0.40
4.61
0.39
4.49
0.36
4.62
0.40
5.00
0.51
2.34
-0.27
4.40
0.33
Slopes and intercepts
Intercept Error
4.117
0.747
5.281
0.841
0.587
0.093
0.463
0.088

0.31
0.30
0.27
0.31
0.40
-0.24
0.25

-1.47
0.56
3.68
-2.46
-1.84
0.83
-1.24

-0.227
-0.202
-0.477
-0.426

r2
0.052
0.041
0.227
0.182

r

-2.64
0.39
3.51
-2.62
-2.00
0.66
-0.40
p
0.227
0.284
0.008
0.019

-0.27
-0.07
0.07
-0.27
-0.05
0.31
-0.14

-0.18
-0.05
0.11
-0.25
-0.10
0.27
-0.15

457

Appendix Table 4.3. Linear model outputs including all terminal taxa within Anthropoidea. Millions of years since clade divergence
as independent variable. MYD = Millions of years since divergence from sister clade, UAutapo = Unambiguous autapomorphies,
AUAutapo = Ambiguous and unambiguous autapomorphies, UC+AC/MY = Unambiguous character state changes and ambiguous
character state changes divided by millions of years since divergence from sister clade, UC/MY = Unambiguous character state
changes divided by millions of years since divergence from sister clade. Significant P-values indicated by underlining (e.g., p = 0.01).
α = 0.05.
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Alouatta
Lagothrix
Ateles
Aotus
Cacajao
Callithrix
Leontopithecus
Cebus
Saguinus
Saimiri
Gorilla
Homo
Pongo
Hylobates
Symphalangus
Pan
Cercopithecus
Semnopithecus
Macaca
Mandrillus

MYD
14.76
9.14
9.14
19.48
22.73
15.03
15.03
18.56
15.71
18.56
8.65
6.17
15.13
6.59
6.59
6.17
11.49
15.43
12.85
11.35

UAutapo
3.72
3.91
3.91
3.56
3.45
3.72
3.72
3.60
3.69
3.60
3.93
4.02
3.71
4.00
4.00
4.02
3.84
3.70
3.79
3.84

Anthropoidea
Predictions
AUAtapo UC+AC/MY UC/MY
4.93
0.44
0.34
5.11
0.50
0.39
5.11
0.50
0.39
4.78
0.38
0.29
4.68
0.34
0.26
4.92
0.43
0.34
4.92
0.43
0.34
4.81
0.39
0.30
4.90
0.42
0.33
4.81
0.39
0.30
5.13
0.50
0.40
5.21
0.53
0.42
4.92
0.43
0.33
5.19
0.53
0.41
5.19
0.53
0.41
5.21
0.53
0.42
5.04
0.47
0.37
4.91
0.43
0.33
4.99
0.46
0.36
5.04
0.47
0.37

Uautapo
-1.72
3.09
1.09
-0.56
-0.45
-1.72
0.28
0.40
0.31
3.40
5.07
3.98
-1.71
-4.00
-2.00
-1.02
1.16
-2.70
-2.79
0.16

Residuals
Autapo UC+AC/MY
-1.93
-0.24
3.89
0.48
0.89
0.16
0.22
-0.12
-1.68
-0.21
-0.92
-0.16
1.08
-0.03
2.19
-0.01
0.10
-0.10
3.19
0.04
5.87
0.77
2.79
0.77
-2.92
-0.30
-4.19
-0.38
-2.19
-0.07
-1.21
0.12
-0.04
-0.03
-2.91
-0.30
-0.99
-0.15
-1.04
-0.12

UC/MY
-0.20
0.38
0.16
-0.14
-0.13
-0.21
-0.07
-0.08
-0.08
0.08
0.64
0.88
-0.20
-0.41
-0.11
0.07
0.07
-0.27
-0.28
-0.02

Papio
Miopithecus
Colobus
Tarsius

11.35
11.49
15.43
68.84

3.84
3.84
3.70
1.89

Variable
Uautapo
Autapo
UC+AC/MY
UC/MY

Slope
-0.034
-0.032
-0.011
-0.009

Error
0.043
0.049
0.005
0.005

5.04
0.47
5.04
0.47
4.91
0.43
3.20
-0.18
Slopes and intercepts
Intercept
Error
4.225
0.834
5.404
0.944
0.603
0.106
0.477
0.101

0.37
0.37
0.33
-0.17

-1.84
-2.84
4.30
0.11

-3.04
-3.04
6.09
-0.20

r
-0.166
-0.139
-0.406
-0.359

r2
0.027
0.019
0.165
0.129

p
0.439
0.518
0.049
0.085

-0.29
-0.30
0.28
0.22

-0.19
-0.28
0.19
0.20
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Appendix Table 4.4. Linear model outputs including all terminal taxa within Hominoidea. Millions of years since clade divergence as
independent variable. MYD = Millions of years since divergence from sister clade, UAutapo = Unambiguous autapomorphies,
AUAutapo = Ambiguous and unambiguous autapomorphies, UC+AC/MY = Unambiguous character state changes and ambiguous
character state changes divided by millions of years since divergence from sister clade, UC/MY = Unambiguous character state
changes divided by millions of years since divergence from sister clade. Significant P-values indicated by underlining (e.g., p = 0.01).
α = 0.05.
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Gorilla
Homo
Pongo
Hylobates
Symphalangus
Pan

MYD
8.65
6.17
15.13
6.59
6.59
6.17

Variable
Uautapo
Autapo
UC+AC/MY
UC/MY

Slope
-0.130
-0.202
-0.057
-0.045

Hominoidea
Predictions
Uautapo
Autapo UC+AC/MY UC/MY
3.94
4.75
0.64
0.52
4.27
5.25
0.78
0.64
3.10
3.43
0.26
0.23
4.21
5.16
0.75
0.62
4.21
5.16
0.75
0.62
4.27
5.25
0.78
0.64
Slopes and intercepts
Error Intercept
Error
r
0.513
5.072
4.526
-0.126
0.542
6.496
4.776
-0.184
0.069
1.131
0.605
-0.386
0.070
0.917
0.620
-0.307

Uautapo
5.06
3.73
-1.10
-4.21
-2.21
-1.27
r2
0.016
0.034
0.149
0.095

Residuals
Autapo UC+AC/MY
6.25
0.63
2.75
0.52
-1.43
-0.13
-4.16
-0.60
-2.16
-0.29
-1.25
-0.13
p
0.812
0.728
0.450
0.553

UC/MY
0.52
0.66
-0.10
-0.62
-0.32
-0.15

Appendix Table 4.5. Linear model outputs including all terminal taxa within Platyrrhini. Millions of years since clade divergence as
independent variable. MYD = Millions of years since divergence from sister clade, UAutapo = Unambiguous autapomorphies,
AUAutapo = Ambiguous and unambiguous autapomorphies, UC+AC/MY = Unambiguous character state changes and ambiguous
character state changes divided by millions of years since divergence from sister clade, UC/MY = Unambiguous character state
changes divided by millions of years since divergence from sister clade. Significant P-values indicated by underlining (e.g., p = 0.01).
α = 0.05.
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Alouatta
Lagothrix
Ateles
Aotus
Cacajao
Callithrix
Leontopithecus
Cebus
Saguinus
Saimiri

MYD
14.76
9.14
9.14
19.48
22.73
15.03
15.03
18.56
15.71
18.56

Variable
Uautapo
Autapo
UC+AC/MY
UC/MY

Slope
-0.151
-0.187
-0.046
-0.037

Platyrrhini
Predictions
Uautapo
Autapo UC+AC/MY UC/MY
4.26
5.80
0.45
0.34
5.11
6.85
0.71
0.55
5.11
6.85
0.71
0.55
3.55
4.91
0.24
0.16
3.05
4.31
0.09
0.04
4.22
5.75
0.44
0.33
4.22
5.75
0.44
0.33
3.68
5.09
0.28
0.20
4.12
5.62
0.41
0.30
3.68
5.09
0.28
0.20
Slopes and intercepts
Error Intercept
Error
r
0.137
6.491
2.232
-0.364
0.151
8.556
2.464
-0.401
0.013
1.123
0.206
-0.787
0.011
0.883
0.187
-0.752

Uautapo
-2.26
1.89
-0.11
-0.55
-0.05
-2.22
-0.22
0.32
-0.12
3.32
r2
0.133
0.161
0.620
0.565

Residuals
Autapo UC+AC/MY
-2.80
-0.25
2.15
0.27
-0.85
-0.05
0.09
0.02
-1.31
0.04
-1.75
-0.17
0.25
-0.04
1.91
0.10
-0.62
-0.09
2.91
0.15
p
0.301
0.250
0.007
0.012

UC/MY
-0.20
0.22
0.00
-0.01
0.09
-0.20
-0.06
0.02
-0.05
0.18

Appendix Table 4.6. Linear model outputs including all terminal taxa within Cercopithecoidea. Millions of years since clade
divergence as independent variable. MYD = Millions of years since divergence from sister clade, UAutapo = Unambiguous
autapomorphies, AUAutapo = Ambiguous and unambiguous autapomorphies, UC+AC/MY = Unambiguous character state changes
and ambiguous character state changes divided by millions of years since divergence from sister clade, UC/MY = Unambiguous
character state changes divided by millions of years since divergence from sister clade. Significant P-values indicated by underlining
(e.g., p = 0.01). α = 0.05.
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Cercopithecus
Semnopithecus
Macaca
Mandrillus
Papio
Miopithecus
Colobus

MYD
11.49
15.43
12.85
11.35
11.35
11.49
15.43

Uautapo
2.68
4.11
3.17
2.63
2.63
2.68
4.11

Variable
Uautapo
Autapo
UC+AC/MY
UC/MY

Slope
0.364
0.811
0.034
0.006

Error
0.611
0.664
0.045
0.045

Cercopithecoidea
Predictions
Autapo UC+AC/MY UC/MY
3.25
0.28
0.24
6.44
0.42
0.26
4.35
0.33
0.25
3.13
0.28
0.24
3.13
0.28
0.24
3.25
0.28
0.24
6.44
0.42
0.26
Slopes and intercepts
Intercept
Error
r
-1.509
7.869
0.258
-6.077
8.556
0.480
-0.105
0.585
0.316
0.175
0.575
0.055

Uautapo
2.32
-3.11
-2.17
1.37
-0.63
-1.68
3.89
r2
0.066
0.230
0.100
0.003

Residuals
Autapo UC+AC/MY
1.75
0.16
-4.44
-0.29
-0.35
-0.02
0.87
0.07
-1.13
-0.10
-1.25
-0.11
4.56
0.29
p
0.577
0.276
0.490
0.907

UC/MY
0.20
-0.20
-0.17
0.11
-0.06
-0.15
0.26

Appendix Table 4.7. Linear model outputs including all terminal taxa within Strepsirrhini. Millions of years since clade divergence as
independent variable. MYD = Millions of years since divergence from sister clade, UAutapo = Unambiguous autapomorphies,
AUAutapo = Ambiguous and unambiguous autapomorphies, UC+AC/MY = Unambiguous character state changes and ambiguous
character state changes divided by millions of years since divergence from sister clade, UC/MY = Unambiguous character state
changes divided by millions of years since divergence from sister clade. Significant P-values indicated by underlining (e.g., p = 0.01).
α = 0.05.
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Eulemur
Galago
Lepilemur
Nycticebus
Lemur
Varecia

MYD
15.01
38.00
33.26
38.00
15.01
20.54

Variable
Uautapo
Autapo
UC+AC/MY
UC/MY

Slope
0.016
0.025
-0.004
-0.003

Strepsirrhini
Predictions
Uautapo
Autapo UC+AC/MY UC/MY
1.82
2.71
0.17
0.13
2.18
3.28
0.09
0.05
2.10
3.16
0.10
0.07
2.18
3.28
0.09
0.05
1.82
2.71
0.17
0.13
1.91
2.85
0.15
0.11
Slopes and intercepts
Error Intercept
Error
r
0.057
1.586
1.616
0.136
0.056
2.344
1.593
0.215
0.002
0.229
0.059
-0.670
0.002
0.173
0.070
-0.541

Uautapo
1.18
0.82
-2.10
0.82
-0.82
0.09
r2
0.018
0.046
0.449
0.293

Residuals
Autapo UC+AC/MY
0.29
0.03
0.72
0.02
-2.16
-0.07
0.72
0.02
-0.71
-0.04
1.15
0.04
p
0.798
0.683
0.146
0.268

UC/MY
0.07
0.03
-0.07
0.03
-0.06
-0.01

Appendix 5 – Dissected specimen information
Appendix Table 5. Specimen information
Sex column: ? = unknown, f = female, m = male; Age column: Ad = Adult, Jv = Juvenile, In = Infant, Fe = Fetus; Fixation column: Fo
= preserved with formalin, Fr = frozen with no additional fixation, Al = alcohol; Sides = side or sides dissected; Skel. = skeletonized.

Institution

Howard
University

464

Stony
Brook
University

University
of Chicago

Icahn
School of
Medicine at
Mt. Sinai

Instit
ID

"Aotus
1"

387

No ID

"Ateles
1"

Thesis
ID

HUAT-1

SBAT-1

UCAT-1

MSAF-1

Genus

Aotus

Aotus

Aotus

Ateles

Species

trivirgatus

trivirgatus

trivirgatus

fusciceps

S
e
x

?

?

m

m

Age

Ad

Ad

Ad

Ad

Fixation

Fo

Fr

Fo

Fo

Segment

Condition
predissection

Sides

Whole
body

Lower limbs
predissected,
viscera
missing

Right

Whole
body

Skinned,
partially
dissected,
viscera
removed

Left
and
right

Whole
body

Skinned,
partially
dissected,
viscera
removed

Left
and
right

Whole
body

Skinned,
partially
dissected,
abdominal
and thoracic
viscera
exposed,
limbs
partially

Right

Condition
postdissection
Brachial and
lumbosacral
plexus
dissected,
right side
skinned
Left and
right
brachial
plexus
dissected,
right and left
forelimbs
dissected
Left and
right
brachial
plexus
dissected,
right and left
forelimbs
dissected
Right
brachial
plexus and
forelimb
dissected

Status

Contact

Returned
to
collection

Rui
Diogo

Returned
to
collection

Susan
Larson

Returned
to
collection

Richard
Madden

Returned
to
collection

Jeffrey
Laitman

dissected,
laminectomy
performed
and spinal
cord
removed

University
of Chicago

No ID

UCCJ-1

Cacajao

calvus

m

Ad

Fo

Whole
body,
mandible
removed,
viscera
removed

Heavily
dissected,
skull cleaned
of soft
tissue, post
crania
mostly
dissected

Left

39

HUCX-1

Callithrix

sp.

m

Fe

Al

Whole
body

Undissected

Left

Howard
University

41

HUCX-2

Callithrix

sp.

f

Fe

Al

Whole
body

Undissected

Left

University
of Chicago

No ID

UCCX-1

Callithrix

sp.

?

Ad

Fo

Whole
body

University
of Chicago

No ID

UCCA-1

Cercopithecus

albogularis

f

Ad

Fo

Whole
body

No ID

UCCN-1

Fo

Whole
body

465

Howard
University

University
of Chicago

Cercopithecus

neglectus

m

Ad

Skinned,
partially
dissected,
viscera
removed
Skinned,
partially
dissected,
viscera
removed
Skinned,
partially
dissected,
viscera
removed

Right

Left brachial
plexus and
forelimb
dissected
Left brachial
plexus and
lumbosacral
plexus,
forelimb and
hindlimb
dissected
Left side
skinned, left
upper limb
dissected,
left lower
limb
dissected
Right
brachial
plexus and
forelimb
dissected

Returned
to
collection

Richard
Madden

Returned
to
collection

Rui
Diogo

Returned
to
collection

Rui
Diogo

Returned
to
collection

Richard
Madden

Right

Brachial and
lumbosacral
dissected

Returned
to
collection

Richard
Madden

Left

Brachial
plexus and
forelimb
dissected

Returned
to
collection

Richard
Madden

University
Illinois at
UrbanaChampaign
Stony
Brook
University
Stony
Brook
University

No ID

UCI
CCD-1

Cercopithecus

diana

?

Ad

Fr

Whole
body

Undissected

2389

SBCG-1

Colobus

guereza

f

Ad

Fr

Whole
body

Undissected

No ID

SBCG-2

Colobus

guereza

f

Ad

Fr

Whole
body

Undissected

University
of Chicago

No ID

UCCP-1

Colobus

polykomos

?

Ad

Fo

Whole
body

Heavily
dissected

University
of Chicago

No ID

UCCP-2

Colobus

polykomos

?

Ad

Fo

Whole
body

Heavily
dissected

466

Stony
Brook
University

Stony
Brook
University

University
of Chicago

University
of Chicago

1927

SBGC-1

646

SBGG-1

No ID

UCGG-1

No ID

UCGG-2

Galago

Gorilla

Gorilla

Gorilla

crassicaudatus

gorilla

gorilla

gorilla

?

m

m

f

Ad

Jv

Ad

Ad

Fr

Whole
body

Fr

Whole
body

Fo

Whole
body

Fo

Whole
body

Skull
skinned and
partially
dissected,
viscera
removed,
hindlimbs
partially
dissected
Partially
dissected,
abdominal
and thoracic
viscera
removed
Skull
removed,
viscera
removed,
heavily
dissected
Skull
removed,
viscera
removed,
heavily
dissected

Left
and
right

Skel.

Skel.

Left
and
right
Left
and
right
Left
and
right
Left
and
right

Forelimbs
removed and
skeletonized
Forelimbs
removed and
skeletonized
Brachial
plexus
dissected
Brachial
plexus
dissected

Returned
to
collection
Returned
to
collection
Returned
to
collection
Returned
to
collection

Left
and
right

Forelimbs
removed and
skeletonized

Returned
to
collection

Susan
Larson

Left

Brachial
plexus and
forelimb
dissected

Returned
to
collection

Susan
Larson

Left
and
right

Brachial
plexus and
forelimb
dissected

Returned
to
collection

Richard
Madden

Left
and
right

Brachial
plexus and
forelimb
dissected

Returned
to
collection

Richard
Madden

John
Polk
Susan
Larson
Susan
Larson
Richard
Madden
Richard
Madden

Howard
University

B7158,
YN87134

HUHsp1

Hylobates

sp

F

Ad

Fo

Whole
body

467

Icahn
School of
Medicine at
Mt. Sinai

No ID

MSHsp1

Hylobates

sp

?

Ad

Fo and
Fr

Whole
body

Stony
Brook
University

1623

SBHsp1

Hylobates

lar

f

Jv

Fr

Whole
body,
skull
removed

88

SBHsp2

Fo

Whole
body,
skull
removed

No ID

UCHsp1

Fo

Whole
body

Stony
Brook
University

University
of Chicago

University
of Chicago

University
of Chicago

No ID

No ID

UCHsp2

UCHsp3

Hylobates

Hylobates

Hylobates

Hylobates

sp

sp

sp

sp

m

?

?

?

Jv

Jv

Jv

Ad

Heavily predissected
Abdominal
and thoracic
viscera
removed,
otherwise
intact, poor
tissue quality
from fixation
Partially
dissected,
skull
removed
Partially
dissected,
skull
removed,
viscera
removed
Heavily
dissected,
abdominal
and thoracic
viscera
removed

Right

Right
brachial
plexus and
forelimb
dissected

Returned
to
collection

Rui
Diogo

Left
and
right

Skinned,
forelimbs
dissected

Returned
to
collection

Jeffrey
Laitman

Left
and
right

Left side
skinned, left
upper limb
dissected

Returned
to
collection

Susan
Larson

Right

Right
brachial
plexus and
forelimb
dissected

Returned
to
collection

Susan
Larson

Right

Right
brachial
plexus roots
dissected

Returned
to
collection

Richard
Madden

Returned
to
collection

Richard
Madden

Returned
to
collection

Richard
Madden

Fo

Whole
body,
viscera
missing

Viscera
removed,
heavily
dissected,
skull
removed

Left
and
right

Fo

Whole
body,
skull
removed,
viscera
removed

Skull
removed,
viscera
removed,
heavily
dissected

Left
and
right

Minimal
additional
dissection
done,
brachial
plexus roots
cleaned
Minimal
additional
dissection
done,
brachial
plexus roots
cleaned

Howard
University

No ID

HULC-1

Lemur

catta

m

Ad

Fo

Whole
body,
viscera
removed

Heavily predissected

Left

Stony
Brook
University

1617

SBLC-1

Lemur

catta

f

Ad

Fo

Whole
body

Heavy
fixation, low
tissue quality

Left
and
right

Fo

Whole
body,
skull
removed

Heavily
dissected,
skull
removed,
viscera
removed

Left
and
right

Heavily
dissected,
skull
removed,
viscera
removed

Left
and
right

University
of Chicago

No ID

UCTLR-1

Leontopithecus

rosalia

?

Ad

468

University
of Chicago

No ID

UCTLR-2

Leontopithecus

rosalia

?

Ad

Fo

Whole
body,
skull
removed

Stony
Brook
University

2597

SBMsp1

Macaca

sp. (likely M.
fascicularis)

f

Ad

Fr

Whole
body

Skull lightly
dissected

Left
and
right

Stony
Brook
University

2596

SBMsp2

Macaca

sp. (likely M.
fascicularis)

f

Ad

Fo

Whole
body

Skull lightly
dissected

Left
and
right

Left brachial
plexus and
lumbosacral
plexus,
forelimb and
hindlimb
dissected
Forelimbs
removed and
skeletonized
Left and
right
brachial
plexus
dissected,
right and left
forelimbs
dissected
Left and
right
brachial
plexus
dissected,
right and left
forelimbs
dissected
Left and
right
brachial
plexus
dissected,
right and left
forelimbs
dissected
Left and
right
brachial
plexus
dissected,
right and left
forelimbs
dissected

Returned
to
collection

Rui
Diogo

Skeletoniz
ed

Susan
Larson

Returned
to
collection

Richard
Madden

Returned
to
collection

Richard
Madden

Returned
to
collection

Susan
Larson

Returned
to
collection

Susan
Larson

University
of Chicago
University
Illinois at
UrbanaChampaign
University
Illinois at
UrbanaChampaign

No ID

UCMsp1

No ID

UCI
CMsp1

No ID

UCI
CMsp2

Macaca

Macaca

Macaca

sp. (likely M.
mulatta)

sp.

sp.

f

m

?

Ad

Ad

Ad

Fo

Skull,
neck,
and
partial
shoulder

Fo

Whole
body

Fr

Whole
body,
skull
removed

Skull lightly
dissected
Heavily
dissected,
poor tissue
quality from
fixation
Heavily
dissected,
skull and
viscera
removed

Left

Left brachial
plexus
dissected

Returned
to
collection

Richard
Madden

Left
and
right

Skel.

Skel.

John
Polk

Left
and
right

Skel.

Skel.

John
Polk

Returned
to
collection

Richard
Madden

Returned
to
collection

Richard
Madden

Returned
to
collection

Rui
Diogo

Returned
to
collection

Rui
Diogo

No ID

UCMS-1

Mandrillus

sphinx

m

Ad

Fo

Whole
body

Post crania
heavily
dissected

Left
and
right

University
of Chicago

No ID

UCMS-2

Mandrillus

sphinx

m

Ad

Fo

Whole
body

Post crania
heavily
dissected

Right

Howard
University

23

HUMT-7

Miopithecus

talapoin

m

In

Al

Whole
body

Undissected

Left

Howard
University

21

HUMT-5

Miopithecus

talapoin

m

In

Al

Whole
body

Undissected

Left

469

University
of Chicago

Left and
right
brachial
plexus
dissected,
right and left
forelimbs
dissected
Right
brachial
plexus and
forelimb
dissected
Left brachial
plexus and
lumbosacral
plexus,
forelimb and
hindlimb
dissected
Left brachial
plexus and
lumbosacral
plexus,
forelimb and
hindlimb
dissected

2

HUMT-2

Miopithecus

talapoin

m

In

Al

Whole
body

Undissected

Right

Howard
University

14

HUMT-3

Miopithecus

talapoin

F

In

Al

Whole
body

Undissected

Right

Howard
University

24

HUMT-8

Miopithecus

talapoin

m

In

Al

Whole
body

Undissected

Left

Howard
University

22

HUMT-6

Miopithecus

talapoin

m

In

Al

Whole
body

Undissected

Left

Howard
University

27

HUMT-9

Miopithecus

talapoin

?

In

Al

Whole
body

Undissected

Left

Howard
University

15

HUMT-4

Miopithecus

talapoin

m

In

Al

Whole
body

Undissected

Left

470

Howard
University

Right
brachial
plexus and
lumbosacral
plexus,
forelimb and
hindlimb
dissected
Right
brachial
plexus and
lumbosacral
plexus,
forelimb and
hindlimb
dissected
Left brachial
plexus and
lumbosacral
plexus,
forelimb and
hindlimb
dissected
Left brachial
plexus and
lumbosacral
plexus,
forelimb and
hindlimb
dissected
Left brachial
plexus and
lumbosacral
plexus,
forelimb and
hindlimb
dissected
Left brachial
plexus and
lumbosacral
plexus,
forelimb and
hindlimb
dissected

Returned
to
collection

Rui
Diogo

Returned
to
collection

Rui
Diogo

Returned
to
collection

Rui
Diogo

Returned
to
collection

Rui
Diogo

Returned
to
collection

Rui
Diogo

Returned
to
collection

Rui
Diogo

Returned
to
collection

Rui
Diogo

Returned
to
collection

Rui
Diogo

Returned
to
collection

Richard
Madden

Left

Left brachial
plexus and
forelimb
dissected

Returned
to
collection

Richard
Madden

Right

Skel.

Skel.

Sandra
Nauwelaerts

Right

Skel.

Skel.

Sandra
Nauwelaerts

Left
and
right

Skel.

Skel.

Sandra
Nauwelaerts

Howard
University

35

HUMT10

Miopithecus

talapoin

m

In

Al

Whole
body

Undissected

Left

Howard
University

0

HUMT-1

Miopithecus

talapoin

m

In

Al

Whole
body

Undissected

Left

No ID

UCTNsp1

Fo

Whole
body,
skull
removed

Heavily
dissected,
skull and
viscera
removed

Left
and
right

University
of Chicago

No ID

UCTNsp2

Nycticebus

coucang

m

Ad

Fo

Whole
body,
skull
removed

University
of Antwerp

ZIMS164052

AUPP-1

Pan

paniscus

f

Fe

Fr

Whole
body

University
of Antwerp

ZIMS164040

AUPP-3

Pan

paniscus

m

In

Fr

Whole
body

University
of Antwerp

ZIMS164041

AUPP-4

Pan

paniscus

m

In

Fr

Whole
body

University
of Chicago

Nycticebus

coucang

?

Ad

471

Heavily
dissected,
skull and
viscera
removed
Heavily predissected by
Bonobo
Morphology
Initiative
Heavily predissected by
Bonobo
Morphology
Initiative
Heavily predissected by
Bonobo
Morphology
Initiative

Left brachial
plexus and
lumbosacral
plexus,
forelimb and
hindlimb
dissected
Left brachial
plexus and
lumbosacral
plexus,
forelimb and
hindlimb
dissected
Left and
right
brachial
plexus
dissected,
right and left
forelimbs
dissected

472

University
of Antwerp

ZIMS164042

AUPP-5

Pan

paniscus

f

In

Fr

Whole
body

University
of Antwerp

ZIMS154047

AUPP-6

Pan

paniscus

f

Ad

Fr

Whole
body

University
of Antwerp

ZIMS164031

AUPP-2

Pan

paniscus

m

Ad

Fr

Whole
body

University
of Antwerp

ZIMS57105

AUPT-3

Pan

troglodytes

f

Ad

Fr

Whole
body

University
of Antwerp

ZIMS165005

AUPT-1

Pan

troglodytes

m

Ad

Fr

Whole
body

University
of Antwerp

ZIMS165012

AUPT-2

Pan

troglodytes

f

Ad

Fr

Whole
body

Fo

Whole
body,
skull
removed

Fo

Whole
body

Howard
University

Howard
University

HUPT1

HUPT-1

Y129

HUPT-2

Pan

Pan

troglodytes

troglodytes

m

m

Jv

In

Heavily predissected by
Bonobo
Morphology
Initiative
Heavily predissected by
Bonobo
Morphology
Initiative
Heavily predissected by
Bonobo
Morphology
Initiative
Heavily predissected by
Bonobo
Morphology
Initiative
Heavily predissected by
Bonobo
Morphology
Initiative
Heavily predissected by
Bonobo
Morphology
Initiative
Heavily
dissected,
skull
removed,
most
abdominal
and thoracic
viscera
removed
Heavily
dissected

Right

Skel.

Skel.

Sandra
Nauwelaerts

Right

Skel.

Skel.

Sandra
Nauwelaerts

Left

Skel.

Skel.

Sandra
Nauwelaerts

Left
and
right

Skel.

Skel.

Sandra
Nauwelaerts

Left

Skel.

Skel.

Sandra
Nauwelaerts

Right

Skel.

Skel.

Sandra
Nauwelaerts

Right

Right
brachial
plexus and
forelimb
dissected

Returned
to
collection

Rui
Diogo

Right

Right
brachial
plexus and
forelimb
dissected

Returned
to
collection

Rui
Diogo

Howard
University
Icahn
School of
Medicine at
Mt. Sinai
Icahn
School of
Medicine at
Mt. Sinai

Left
and
right

Left and
right
brachial
plexus
dissected
proximally

Returned
to
collection

Rui
Diogo

473

No ID

HUPT-3

Pan

troglodytes

m

In

Fo

Whole
body

Heavily
dissected,
poor tissue
quality from
fixation

No ID

MSPT-1

Pan

troglodytes

m

Jv

Fo and
Fr

Whole
body

Undissected

Left
and
right

Digital
inspection
only

Returned
to
collection

Jeffrey
Laitman

No ID

MSPT-2

Pan

troglodytes

?

Jv

Fo and
Fr

Whole
body

Undissected

Left
and
right

Digital
inspection
only

Returned
to
collection

Jeffrey
Laitman

Returned
to
collection

Richard
Madden

Returned
to
collection

Richard
Madden

Returned
to
collection

Richard
Madden

Whole
body,
skull
removed,
viscera
removed
Whole
body,
skull
removed,
viscera
removed
Whole
body,
skull
removed,
viscera
removed

University
of Chicago

No ID

UCPT-1

Pan

troglodytes

f

Ad

Fo

University
of Chicago

No ID

UCPT-2

Pan

troglodytes

?

Jv

Fo

University
of Chicago

No ID

UCPT-3

Pan

troglodytes

f

Ad

Fo

University
Illinois at
UrbanaChampaign

No ID

UCI
CPT-1

Pan

troglodytes

m

Jv

Fo

Whole
body

Howard
University

HUPP1

HUPO-1

Pongo

pygmaeus

m

In

Fo

Whole
body

Heavily
dissected

Left
and
right

Heavily
dissected

Left
and
right

Heavily
dissected

Left
and
right

Heavily
dissected,
poor tissue
quality from
fixation
Brain
missing,
viscera
missing,
limbs
partially
dissected

Left and
right
brachial
plexus and
forelimbs
dissected
Left and
right
brachial
plexus and
forelimbs
dissected
Left and
right
brachial
plexus and
forelimbs
dissected

Right

Skel.

Skel.

John
Polk

Right

Right BP +
LSP exposed

Returned
to
collection

Rui
Diogo

Icahn
School of
Medicine at
Mt. Sinai

474

Stony
Brook
University

Stony
Brook
University

University
of Chicago

University
of Chicago

University
of Chicago

Y95

MSPO-1

Pongo

pygmaeus

f

Ad

Fo and
Fr

Whole
body

1683

SBPO-2

Pongo

pygmaeus

f

Jv

Fr

Whole
body,
viscera
removed

No ID

SBPO-1

Pongo

pygmaeus

m

Jv

Fo

Whole
body

No ID

No ID

No ID

UCPO-1

UCPO-2

UCPO-3

Pongo

Pongo

Pongo

pygmaeus

pygmaeus

pygmaeus

?

m

f

Ad

In

Ad

Fo

Fo

Fo

Whole
body,
skull
removed,
viscera
removed
Whole
body,
mandible
removed,
viscera
removed
Whole
body,
skull
removed,

Heavily predissected,
missing all
viscera, skull
removed,
hands and
feet
removed,
one arm
present,
body
transected,
very stiff
from fixation

Left

Viscera
removed

Left

Minimally
dissected

Left
and
right

Same except
posterior
triangle of
neck
dissected
and
proximal
brachial
plexus
dissected
Left and
right
brachial
plexus, left
lumbosacral
plexus,
forelimbs
dissected
Left and
right
brachial
plexus
dissected

Returned
to
collection

Jeffrey
Laitman

Returned
to
collection

Susan
Larson

Returned
to
collection

Susan
Larson

Returned
to
collection

Richard
Madden

Heavily
dissected

Right

Right
brachial
plexus and
forelimb
dissected

Heavily
dissected,
poor tissue
quality from
fixation

Left
and
right

Left and
right
brachial
plexus roots
dissected

Returned
to
collection

Richard
Madden

Heavily
dissected,
poor tissue
quality from
fixation

Left
and
right

Left and
right
brachial
plexus roots
dissected

Returned
to
collection

Richard
Madden

viscera
removed

475

Returned
to
collection

Rui
Diogo

Returned
to
collection

Rui
Diogo

Skel.

Skel.

John
Polk

Left

Left brachial
plexus and
forelimb
dissected

Returned
to
collection

Jeffrey
Laitman

Left

Skel.

Skel.

Sandra
Nauwelaerts

Howard
University

042A

HUSO-1

Saguinus

oedipus

f

Fe

Al

Whole
body

Undissected

Left

Howard
University

042B

HUSO-2

Saguinus

oedipus

m

Fe

Al

Whole
body

Undissected

Left

University
Illinois at
UrbanaChampaign

No ID

UCI
CSM-1

Saguinus

oedipus

F

Ad

Fr

Whole
body

Viscera
removed

Left
and
right

Icahn
School of
Medicine at
Mt. Sinai

University
of Antwerp

No ID

MSSS-1

Saimiri

sciureus

M

Ad

Fo

Whole
body

ZIMS17139

AUSY-1

Symphalangus

syndactulus

m

Ad

Fr

Whole
body

Skinned,
right side
dissected,
abdominal
viscera
partially
removed,
thoracic
organs
intact, brain
removed
Heavily predissected by
Bonobo
Morphology
Initiative

Skinned, left
brachial and
lumbosacral
plexus
dissected,
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Appendix 6 – Expanded lumbosacral plexus information
Appendix 6.1. Anatomical definition
The lumbosacral plexus is a segmentally derived complex of several spinal nerves that
emerge from the intervertebral foramena of the lumbar and sacral vertebrae and provide
innervation to the pelvic girdle and hindlimb in tetrapod taxa the possess them. The lumbosacral
plexus can be divided into two segments, the lumbar plexus and sacral plexus, based on the
primary location of spinal nerve emergence. The lumbar plexus begins distal to the terminal ribbearing thoracic vertebrae with small contributions that mainly provide cutaneous sensation to
the inguinal regions and continues to receive increasing larger contributions through the lumbar
region, particularly in the distal-most segments. The distal spinal nerve roots form combined
axon bundles somewhat analogous (though highly simplified by comparison) to the brachial
plexus more frequently than the proximal contributions. The sacral plexus is formed as mixed
spinal nerves leave the ventral foramenae of the os sacrum, and generally decrease in size from
proximal to distal roots (i.e., S1>S2>S3 etc.). The two plexuses are joined through the
lumbosacral trunk, a distal contribution of the lumbar plexus, normally composed of axons from
the combined terminal two or three lumbar nerve roots, which travel over the pelvic brim to
combine with the roots of the sacral plexus. These nerves mix fibers distally and provide axons
from multiple spinal levels to their muscular or cutaneous targets in the hindlimb. While most
(possibly excepting the most proximally derived nerves of the lumbar plexus) terminal nerves
receive axons from multiple spinal levels (e.g., the femoral nerve in humans usually derives from
L2-4), not all terminal nerves carry axons from both the lumbar and sacral plexuses. As in the
brachial plexus, proximal segments of the lumbosacral plexus contain higher numbers of
motorneurons, with each subsequent distal division containing fewer (Swett et al., 1986).

476

Segment

Nerve

Origin

Terminal point (in typical human)

T12-L1

Transverse abdominis, abdominal internal oblique, cutaneous branches

L1

""

Genitofemoral

L1-2

Cremaster (in males), cutaneous branches

Lateral femoral cutaneous

L2-3

Obturator

L2-4

Skin of lateral thigh
Obturator externus, adductor longus and brevis, gracilis, pectineus (~30% of population),
cutaneous branches

Femoral

L2-4

Iliacus, psoas major and minor (or Iliopsoas if combined) [~70% of population], sartorius,
quadriceps femoris, cutaneous branches

Superior gluteal

L4-S1

Gluteus medius and minimus

Inferior gluteal

L5-S2

Gluteus maximus

Lumbar Plexus Iliohypogastric
Ilioinguinal

Sacral Plexus

To piriformis

S1-2

Piroformis

To Gemellus Superior
To obturator internus
To Gemellus Inferior
To Obturator Externus
To quadratus femoris

L5-S2
L5-S2
L4-S1
L3-4
L4-S1

M. Gemellus superior
Obturator internus and gemellus superior
M. Gemellus inferior
M. Obturator externus
Quadratus femoris and gemellus inferior

Ischiatic (Tibial and
common fibular)

L4-S3

Semitendinosus (tibial), semimembranosus (tibial), biceps femoris (long head by tibial, short
head by fibular), adductor magnus (medial aspect by tibial)

Common fibular

L4-S2

Cutaneous

Superficial fibular

L4-S2

Peroneus Longus and brevis, cutaneous

Deep fibular

Tibialias anterior, extensor digitorum longus and brevis, extensor hallucis longus and brevis,
L4-S2
peroneus tertius, cutaneous

Tibial

L4-S3

Triceps surae, plantaris, popliteus, tibialis posterior, flexor digitorum longus, flexor hallucis
longus, cutaneous

Medial plantar

L4-S3

Abductor hallucis, flexor digitorum brevis, flexor hallucis brevis (medial head), first and
second lumbrical, cutaneous

Lateral plantar

L4-S3

Flexor hallucis brevis (lateral head), quadratus plantae, abductor digiti minimi, flexor digiti
minimi, third and fourth lumbrical, first through third plantar interossei, first through fifth
dorsal interossei, adductor hallucis, cutaneous

Appendix Table 6.1. List of the normal segments, origins, and nerves, and terminal innervation
point derived from the human lumbosacral plexus.

Appendix 6.2. Lumbosacral plexus development
The nerves of the lumbosacral plexus develop in an analogous, but not identical, manner
to the nerves that innervate the forelimb prompting questions about homology. As with the
brachial plexus, the nerves of the lumbosacral plexus enter the caudal limb bud following a series
of region-specific developmental expression factors such HoxC9, HoxC10, HoxD10 and HoxC11
(Burke et al., 1995; Wu et al., 2008; Duboc and Logan, 2011b; Rolian, 2016). Also, as with the
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brachial plexus, the nerves of the hindlimb have been shown to be tightly linked to their normal
target tissues (e.g., Lance-Jones and Landmesser, 1980; Honig et al., 1998; Landmesser, 2001).
Experimental transposition/reversal along the anterior/posterior axis of the lumbosacral spinal
column segment in developing chicks (Gallus gallus) does not affect normal motor neuron
outgrowth (Matise and Lance-Jones, 1996), suggesting highly correlated development of nerve
axons and the terminal tissues they innervate. Nerves travelling to the hindlimb in a developing
fetus avoid presumptive cartilage, and thereby congregate at the points of least resistance to enter
the limb bud, namely the areas that correspond with the eventual sciatic and obturator foramen
(Bentley and Poole, 2009). The developing nerve bundles coalesce in these spaces, but branch
out after, with individual axon bundles travelling to their predetermined muscular targets via
molecular guidance pathways (Lance-Jones and Dias, 1991; Iwamasa et al., 1999; Landmesser,
2001).
Where the brachial plexus is visible in the developing forelimb by around five weeks
post-conception (Carnegie Stage 14), the elements of the lumbosacral plexus that innervate the
hindlimb do not begin developing until slightly later (Ashwell and Waite, 2012). By Carnegie
Stage 15, the limb bud is still situated parallel to L1-S1, and the lumbar nerves from L1-4 and
S1-2 begin to enter as a combined plexiform bundle but are not necessarily recognizable as
mixed terminal nerves (Bardeen and Lewis, 1901; O’Rahilly and Gardner, 1975). By Carnegie
Stage 16, approximately six weeks post-conception, a recognizable plexus of nerves from L1-5
and S1-3 form, with the beginnings of eventual terminal hindlimb nerves (Pillet et al., 1982). At
this stage, it is possible to differentiate the larger nerves of the hindlimb as they progress into
their associated musculature (e.g., the femoral nerve implants into the pre-division mass that will
eventually become the extensor compartment of the thigh). By about the end of the fifth week of
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gestation, the smaller nerves of the plexus arising from the more cranial lumbar vertebrae are
visible, including the iliohypogastic and the genitofemoral nerves. By around week seven of
development, distinct terminal nerves may be seen in both the dorsal and ventral aspects of the
limb as they progress down into the forming foot. Though the distal-most elements of the limb
are continuing to develop, the lumbosacral plexus is already formed, and the terminal nerves are
visible.
Non-human primate models of development, mainly utilized for biomedical research,
suggest that cercopithecoid monkeys (namely baboons and macaques) have a similar
developmental trajectory to humans, though they reach equivalent Carnegie Stages at a faster
rate due to faster life histories (Hendrickx and Sawyer, 1975).

Appendix 6.3. Interspecific anatomy and variation in the lumbosacral plexus
In most vertebrates with hindlimbs, innervation is generally provided by a series of
nerves that derive from the caudal-most third of the spinal cord, emerging from the intervertebral
foramen, and travelling into the hindlimb and muscles anchored on the pelvis that attach to the
hindlimb to provide motor innervation and sensation. The lumbosacral plexus is structured
similarly to the tetrapod brachial plexus, which is bounded by the cervico-thoracic transition to
rib bearing taxa in amniote taxa (Hirasawa and Kuratani, 2013), as the plexus begins caudal to
the terminal rib-bearing thoracic vertebrae. Post-transition from thoracic to lumbar vertebrae,
several mostly cutaneous nerves are given off at varying levels. The lumbar nerves generally
increase in size caudally, with the largest being around the transition from lumbar vertebrae to
sacrum, analogous to the size of the brachial plexus around the cervico-thoracic transition. In
contrast, the sacral nerves decrease in size from cranial to caudal. Beneath the peritoneal fascia
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of the pelvis, at least one, but often several spinal nerves emerge from the ventral foramena of
the sacrum to both join nerves from the lumbar region. These form several independent nerves
that innervate some of the dorsally placed musculature of the pelvis (e.g., gluteus maximus). The
nerves that contribute to the lumbosacral plexus are not as clearly delineated, or agreed upon by
researchers, as those of the brachial plexus. Generally, the most cranial spinal nerves (subcostal,
ilioinguinal, iliohypogastric, lateral femoral cutaneous) arise independently from the more
caudally situated nerves, and rarely mix in a true plexiform fashion, though they may share an
origin or be composed of more than one spinal nerve root (e.g., the iliohypogastric can arise from
either L1, or L1-2 in humans). Furthermore, these nerves do not truly contribute to the function
of the hindlimb beyond their role in cutaneous sensation, which perhaps aids in proprioception
but does not facilitate movement through neuromotor pathways. They are therefore
inconsistently observed by researchers, and often neglected in the discussion of the lumbosacral
plexus formation where hindlimb function is the primary goal. Some researchers (e.g.,
Gourmain, 1966) purposely neglect discussing the cutaneous nerve branches, noting them as
functionally unimportant to movement.
Studies of the lumbosacral plexus in both primates and other tetrapods are extremely
lacking in comparison to studies of the brachial plexus, though some general trends can be
observed from the existing literature, particularly when considered along with the evolution of
the mammalian vertebral column. The comparative anatomy literature mainly suggests that
variation in plexus morphology results from (or correlates with) the number of presacral
vertebrae, where shorter spinal columns correlate with fewer contributions to both the lumbar
and sacral plexuses (Gourmain, 1966). Some researchers postulate that observable differences in
the morphology of the lumbosacral plexus are related to the development and posture of the
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hindlimbs (Piasecka-Kacperska and Gladykowska-Rzeczycka, 1972), though these and aspects
of locomotion are also related to the length and morphology of the spine (Jenkins, 1970; Johnson
and Shapiro, 1998).
The evolutionary changes in both thoracic and lumbar vertebral count via lumbarization
have not been widely investigated from a soft tissue perspective, especially in regard to how
vertebral duplication, deletions, or transmutations can affect the contributions of the surrounding
non-bony structures, though case studies exist detailing changes within individuals (e.g., Keith,
1902; Wood Jones, 1910). Parsimony would suggest that as changes in cervical vertebrae
number affect the number and position of nerves of the brachial plexus (e.g., Hirasawa and
Kuratani, 2013), any Hox duplications or deletion in the terminal thoracic or lumbar regions
would also affect the number of nerves entering the lumbosacral plexus. However, complete
experimental deletion of Hox10 or Hox11 paralog genes in mice results in transmutation from
lumbar to rib-bearing thoracic vertebrae but does not affect the positional development of the
hindlimbs which form at the correct point along the axial skeleton despite transmutation of
vertebral types (Wellik and Capecchi, 2003). Disruption of SHOX gene (or the closely related
Shox2 in mice) results in malformation of hindlimb muscles, nerves, and cartilage (Vickerman et
al., 2011). Wu et al., (2008) demonstrated that mutants without the closely related Hoxc10 or
Hoxd10 (and to a lesser extent Hoxa10) genes fail to develop lumbar-region specific
motorneurons, but rather neurons that phenotypically resembled thoracic-level motorneurons,
leading to severe locomotor defects. Furthermore, the disruption of Hoxc10 and Hoxd10 forces a
caudal shift in motor column distribution, leading to partially mistargeted innervation of the
hindlimb muscles, where nerves normally targeted to the thigh extensors instead innervate the
thigh flexors (Wu et al., 2008). The polymorphic effects of Hox10 paralog gene disruption to all
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aspects of lumbar vertebrae and hindlimb development signifies its importance in understanding
how a transmutation of vertebral type may affect soft tissues over evolutionary time. It is
therefore likely that transmutations from thoracic-to-lumbar type vertebrae would not greatly
affect hindlimb development or locomotion, at least if localized in the proximal most-segments
of the lumbar spine, as the first several spinal nerves in the lumbosacral plexus are largely
sensory in their function (i.e., already of the thoracic-type), and do not greatly contribute to
hindlimb motor function. While full disruption of the Hox10 or Hox11 paralogs affects
development, preservation of even one functional copy is enough to normally regulate lumbar
vertebrae and limb development (Wellik and Capecchi, 2003).
The primitive synapsid presacral vertebral count is suggested to be somewhere between
25-27 (Romer and Price, 1940; Sumida et al., 2013). Cynodont fossils exhibit 19 thoracolumbar
elements, as do extant marsupials and monotremes, indicating that it is the primitive condition
for Mammalia (Narita and Kuratani, 2005; Sánchez‐Villagra et al., 2007). Different extant
mammalian lineages have greatly modified this baseline number (e.g., Delphinus delphis with 15
thoracic and 48 post-thoracic vertebrae, Choloepus didactylus with 23 thoracic and three
lumbar). Carnivores are noted to have an almost universally increased total thoracolumbar
vertebral count within the Order, with 20 being the most commonly observed formula. Primates
are somewhat unusual among modern orders of mammals in the diversity of thoracolumbar
numbers, with some clades possessing greater-than-average vertebral numbers (e.g., Saimiri with
20), and many with fewer-than the mammalian average (e.g., Ateles, Mandrillus, and Hylobates
with 18). Apes possess a relatively short trunk, with the primary source of vertebral count
variation both within and among species being the number of lumbar vertebrae (Williams, 2011;
Williams et al., 2016). Arguments about the homology of different presacral elements of the
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vertebral column are longstanding (e.g., Welcker, 1881; Bateson, 1894) and are largely
unresolved in how different vertebral counts both within and among species affects nerve
distribution, though some individual reports do exist in non-primate taxa. Olivera et al., (2011)
shows that an altered number of lumbar vertebrae from the modal normal (seven) in the Rock
Cavy (Kerodon rupestris) has an effect on the origin of the femoral nerve, shifting its usual
spinal root contribution plus or minus one level away from the modal average.
In most tetrapods, the lumbosacral plexus receives between four and seven spinal nerve
root contributions, though the modal root contribution is clade specific as in the brachial plexus.
Members of the class Amphibia are noted to have a relatively simple lumbosacral plexus that
exhibits few nerve roots contributing to hindlimb innervation, with the family Cryptobranchidae
(e.g., the Japanese giant salamander Andrias japonicus) possessing only two presacral and one
sacral root (Akita, 1992a). Reptile lumbosacral anatomy is somewhat more complicated, and
often displays both an expanded series of root contributions (e.g., Akita (1992b) shows that the
plexus of both iguanid and varanid lizards possess three presacral and two or three sacral
contributions) and a more complicated structure, owing to more derived hindlimb musculature in
the Order. Avian archosaurs exhibit a wide range of lumbar and sacral plexus patterns, with
some exhibiting only four nerve root contributions (e.g., Columba livia), and others up to seven
(e.g., Strutho camelus) (Akbulut et al., 2016).
Paterson (1887) writes that the most common number of spinal root contributions in
mammals is five, though variations of both increased and decreased total numbers of
contributions are common in all clades. Mammals with shorter lower backs (i.e., fewer lumbar
vertebrae) have cranially shifted lumbosacral plexuses, as seen in the lesser anteater (Tamandua
tetradactyla), where nerves innervating the hindlimb (e.g., the femoral and obturator nerves)
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receive partial innervation from the terminal thoracic nerve root T18 (Cardoso et al., 2013). In
mammals with longer backs (i.e., more lumbar vertebrae), as seen in the dromedary camel
(Camelus dromedarius) the nerves innervating the hindlimb form from the lower lumbar
segments, closer to the lumbosacral boundary at L5-6 (Bakkoury and Ouhsine, 1982). In some
taxa, the lumbar plexus exclusively contributes to the formation of the hindlimb nerves, as in
some members of the genus Macropus (kangaroos), in which no sacral contributions are made to
the two components of the sciatic nerve (Gourmain, 1967). The lack of sacral contributions to
the lumbosacral plexus is uncommon, but not unreported (Paterson, 1887), and is suggested to be
a result of the relative position of the lumbosacral joint articulation.
Primate lumbosacral plexuses are reported to vary in point of origin in relation to the
number of lumbar vertebrae within a taxon (Bardeen and Elting, 1901; Howell and Straus, 1947;
Gourmain, 1966), and are also reported on differently, with some researchers (e.g., Gourmain,
1966) primarily describing the nerves that contribute to the innervation of the hindlimb and
ignoring the proximal cutaneous derivatives, and others describing the entire nerve complex
(e.g., Sonntag, 1922). Though systematic documentation of rates of variability in primates are
scarce, some trends that largely follow the general mammalian archetypes can be observed. Most
primates are reported to have between four and seven total contributions, though this is mostly
from researchers that ignore the more cranially-located cutaneous nerves. Gourmain (1966)
reports that the most common number of contributions is six, though his sample size was limited.
Pongo is described has having the most pre-fixed plexus as a result of their shortened backs,
while the lemurs are noted as having the most post-fixed lumbosacral plexuses due to their
longer post-thoracic spinal columns (Gourmain, 1966). The trend of longer backs correlating
with more caudally placed lumbosacral plexuses has been noted by several researchers and is
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occasionally discussed to demarcate the boundary of thoracic and lumbar vertebrae (Williams et
al., 2016).

Appendix 6.4. Intraspecific variation in the lumbosacral plexus
As with the brachial plexus, and any other morphological complex, the lumbosacral
plexus must be shown to be a morphogenetically coherent structure that is relatively stable
within species, but that varies among species, to be useful for phylogenetic analyses (Kitching et
al., 1998). Where macro-anatomical studies of the lumbosacral plexus have been conducted, they
have mostly been in an effort to document plexus morphologies within human populations
(Eisler, 1892; Sherrington, 1892; Jamieson, 1903; Bardeen, 1906; Horwitz, 1939; Gebarski et al.,
1986; Anloague and Hujbregts, 2009). Most early researchers do not agree on terminology, and
often do not report relevant statistical information or provide adequate visual documentation to
facilitate a rigorous evaluation of their findings. Assessing the utility of the lumbosacral plexus
within species is therefore more difficult than for the brachial plexus, as reports with large
numbers of individuals are comparatively rare, though descriptions of variations in human
populations are again more common than other species and must be used to predict normal rates
of polymorphisms in the absence of other data.
Spinal root contributions are highly consistent among reports of the typical human
morphology as L1-5 and S1-3 for the nerves contributing directly to muscles facilitating
hindlimb movement (e.g., Bardeen and Elting, 1901; Horwitz, 1939; Moro et al., 2003), with the
most common root variation being the contribution of the terminal thoracic nerve to the superior
lumbar plexus nerves seen in between 20% and 60% of individuals (Horwitz, 1939; Webber,
1961) or the contribution of S4 to the sacral plexus (Matwjew, 1936). Descriptions of the overall
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morphology of lumbosacral plexus nerve formation in humans indicate a somewhat broader
range of consistency than the brachial plexus, with the most commonly observed morphology
being present in 57.7% to 91.5% within any given sample (Paterson, 1887; Arnould, 1892;
Eisler, 1892; Kikuchi et al., 1984). However, in a review of lumbosacral anatomy, Mizuno
(1966) reports that the lumbar plexus formation from L1-4 and the sacral plexus formation of
L4-5 and S1-3 both comprise ~55% of several human populations. The addition of T12 to the
lumbar plexus was present in nearly 40% of several pooled populations, and the addition of S4 to
the sacral plexus was present in 19% of three pooled populations. In total, the lumbar plexus
formation of (T12)L1-4 was the morphology in nearly 95% of 952 plexuses, and the sacral
plexus formation of L4-5 and S1-3(4) was present nearly 75% of 395 plexuses. The remaining
percentages distributed among several other configurations (Mizuno, 1966). Higher rates of
variation are possibly related to the mutable nature of the thoracolumbar relative to the fixed
cervical vertebrae count. Nearly all mammals are fixed at seven cervical vertebrae, but
thoracolumbar counts are highly variable both within and among species, where lumbar vertebral
counts can vary by several elements (Williams et al., 2016; Böhmer, 2017).
As in other tetrapods, the human lumbosacral plexus forms as a mass of spinal nerves
originating from the combined dorsal and ventral roots arising in the lumbar region of the spinal
cord. After combining in the intervertebral foramena, each convergent spinal nerve divides into
dorsal and ventral rami, the dorsal division directly innervating the m. erector spinae complex
and other deep muscles of the back. The ventral rami from each constituent spinal nerve level
run deep to (or inside) the psoas major hip flexors and superficial to the iliacus/pelvis/quadratus
lumborum (depending on the spinal level), where they may comingle before travelling further
distally into the gluteal region and/or thigh.
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The human lumbar plexus is generally described as beginning at L1, and ending at L4,
though contributions from T12 commonly occur (Horwitz, 1939; Benedetto et al., 2005). L1 is
the smallest in diameter, with L4 generally being largest (İzcı̇ et al., 2005; Yasar et al., 2012),
though histological studies suggest that the lumbosacral trunk followed by S1 are the largest in
cross-sectional area, with L4, S2, and S3 being significantly smaller (Ebraheim et al., 1997).
There are seven commonly recognized nerves that the ventral roots of this plexus which
innervate the inguinal region, the pelvis, perineum, and the surrounding skin. No true trunks or
divisions are formed akin to the brachial plexus, though there is conjoining of nerve roots from
multiple levels that combine to form terminal nerves important for locomotion. The superior
lumbar nerves (iliohypogastric and ilioinguinal) most commonly form from L1 and may receive
a small contribution from the terminal thoracic nerve T12. These nerves may arise from the same
combined spinal nerve root, or separately. The genitofemoral nerve arises from L1-2 and
commonly pierces the psoas major. The major motor branches of the lumbar plexus both
commonly arise from a combination of L2-4 and become the femoral nerve, which innervates the
ventral compartment of the thigh used in hip flexion and thigh extension (in humans), and the
obturator nerve, which innervates the adductor (medial) compartment of the thigh and the short
head of the biceps femoris. Numerous short, direct branches are given off the femoral nerve to
supply the psoas major, psoas minor (when present), and the iliacus which act in concert to flex
the hip. The lumbosacral trunk, usually a combined branch of L4-5, travels into the pelvic bowl
to join with the sacral nerves, thus forming the primary connection of the lumbar and sacral
plexuses. Several smaller connections may be present in the form of furcal nerves that join
elements of the lumbar plexus to the sacral plexus in addition to the lumbosacral trunk proper or
may provide small contributions to the femoral or obturator nerves (Urbanowicz, 1981).
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The sacral plexus is a collection of nerves that (in humans) is generally noted as
beginning at L4-5 (via the lumbosacral trunk) and S1-S3 for motor contributions to the hindlimb.
S4 may also be considered as part of the sacral plexus (or the pudendal plexus), but as it is not
involved in innervating the hindlimb, it will not be heavily discussed here. The higher nerve
roots that innervate the gluteal musculature generally result from the combined lumbar and sacral
plexus fibers, with the superior and inferior gluteal nerves arising form L4-5 and S1, and L5 and
S1-2, respectively. The deep rotators of the hip are innervated by direct branches from the plexus
by different combinations of fibers from the lumbosacral trunk and the upper sacral fibers (L4-5
and S1-2). The most prominent nerve of the (lumbo)sacral plexus is the confluence of the tibial
(L4-5 and S1-3) and common peroneal (fibular) nerve (L4-5 and S1-2) into the sciatic nerve. The
combined bundle of the sciatic is divided by a connective tissue/adipose barrier (ComptonCruveilhier septum), and together the nerves provide motor and sensory innervation for most of
the dorsal thigh and the entirety of the leg and foot. The lumbosacral plexus can be “pre-fixed”
or “post-fixed” as in the brachial plexus, with thicker contributions cranially or caudally,
respectively. Pre-fixation is reported to be much more common, on the order of 4:1, to postfixation in the lumbosacral plexus (Matejčík, 2010). Other researchers recognize three distinct
types of nerve pattern (compact, intermediate, and dispersed) that are said to vary with body
proportions within humans (Matwejew, 1937; Gladykowska, 1972), though these are in reference
to outdated concepts of body-type variation in humans.
On a micro-anatomical level, the segments of the lumbosacral plexus increase in
complexity from cranial to caudal in that the more-cranial nerves are generally monofascicular
while the more caudal nerves generally exhibit a higher number of fascicles from different root
levels. The more caudal nerves have a higher amount of connective tissue, with L5, the
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lumbosacral trunk, and S1 reported to have the greatest epineural content and lowest relative
fascicle count, although they exhibit greater absolute nerve fiber content due to their size
(Ebraheim et al., 1997). The epineural fascia of the sciatic nerve appears to thicken with age,
though this phenomenon is not reported for other peripheral nerves, it is possible that it occurs
elsewhere in the body (Sladjana et al., 2008). No statistically significant differences have been
reported in lumbosacral plexus size or morphology in humans or other taxa (Ebraheim et al.,
1997).
Reports of congenital or acquired variations in medical/anatomical literature may form
the basis for determining polymorphism levels in humans and other primate taxa, and therefore
must be explored. While reports of specific clinically anomalous variations in the lumbosacral
plexus are common in the medical literature due to the potential risks they pose in lumbar disk
surgeries or spine pathologies (e.g., Neidre and Macnab, 1983; Postacchini et al., 1982; Kikuchi
et al., 1984), documentation of overall polymorphism rates is somewhat rare. Unlike the
variations observed in the brachial plexus, the variations of the lumbosacral plexus may occur
intradurally, prior to exiting the intervertebral foramen (Chotigavanich and Sawangntra, 1992),
as well as extradurally (Urbanowicz, 1981; Postacchini et al., 1982). Chotigavanich and
Sawangntra (1992) report that the most common human lumbosacral morphology is visible in
70% of 120 plexuses, with the majority of the variations coming in the form of anastomoses
between root levels not usually observed for the formation of terminal nerves. These researchers
additionally found that variations were most common at the L4 level, though others (e.g.,
Postacchini et al., 1982) report that L1 or L5 are the most frequently observed source of
variation. Some studies have been made of variability in contributions to terminal nerves of the
plexus and asymmetry therein (e.g., Urbanowicz, 1981). The furcal nerve that links the lumbar
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and sacral plexuses is a commonly reported source of variation, as it has important clinical
associations (Urbanowicz, 1981; Kikuchi et al., 1986; Yasar et al., 2012; Harshavardhana and
Dabke, 2014). Accessory nerves are moderately common in the lumbar plexus, with an accessory
femoral nerve being most commonly found, and an accessory obturator nerve in 20-30% of
individuals (Woodburne, 1940; Webber, 1961; Urbanowicz, 1981; Yasar et al., 2012). The
lumbosacral trunk is reportedly absent in fewer than 10% of cases (Bergman et al., 2001;
Schmidt et al., 2017). In a large sample of human cadavers, Kikuchi et al., (1984) observe that
intradural sensory roots commonly present anomalous formations, but that motor roots are more
consistent at every lumbar and sacral level in their morphology. For extradural anomalies, the
researchers reported finding variations in only 8.5% of 59 individuals. Matejčík (2010)
demonstrates that variations in the proximal root formation are more likely than in distal portions
of the limb, though not necessarily in root contributions themselves. Webber (1956) reports that
in a human cadaver with six lumbar vertebrae, the root contribution patterns for the lumbosacral
plexus were bilaterally anomalous, suggesting the number of vertebrae strongly influences the
normal distribution of nerves, an effect that is known from modern knockout experiments in
mice (e.g., Wu et al., 2008). Therefore, any lineage-specific differences in the number of
vertebrae in vertebrate taxa may affect the number and distribution of spinal nerves affecting the
hindlimb (Narita and Kuratani, 2005).

Source

Cadavers

Plexuses

Ancel and Sencert, 1901

-

64

T12

L1

L2

L3

L4

L5

S1

S2

S3

-

1

1

1

1

1

1

1

-

1

1

1

1

1

1

-

Arnould, 1892

-

-

1

Bardeen and Elting, 1901

-

246

-

1

1

1

1

1

1

1

-

Benedetto et al., 2005

-

-

-

-

-

-

-

-

-

-

-

Chotigavanich and
Sawangnatra, 1992

60

120

-

-

-

-

-

-

-

-

-

d'Avella and Mingrino

30

60

-

-

-

-

-

-

-

-

-

Ebraheim et al., 1997
Eisler, 1892

20
-

40
127

-

1

1

1

1
1

1
1

1
1

1
1

1
-

490

%
"normal"

65.40%

Hause et al., 1983

75

125

-

-

-

-

-

-

-

-

-

Horwitz, 1939

114

228

0.6

1

1

1

1

1

1

1

1

1

1

1

1

1

1

-

Isii, 1936

-

134

-

1

Krechowiecki et al., 1972

30

60

-

-

-

-

-

-

-

-

-

-

1

1

1

1

1

1

1

-

1

1

1

1

1

1

-

Kushida, 1940

-

240

Matejčík, 2010

50

100

-

1

Matuyama, 1950

-

80

-

1

1

1

1

1

1

1

-

1

1

1

1

1

1

-

Matwejew, 1937

-

50

-

1

Patterson, 1894

-

-

-

1

1

1

1

1

1

1

-

-

1

1

1

1

1

1

1

-

-

1

1

1

1

1

1

1

-

1

1

1

1

1

1

1

-

1

1

1

1

1

1

1

-

1

1

1

1

1

1

-

Severeano, 1904
Sherrington, 1892
Ssoson-Jaroschewitsch,
1926
Sugihara, 1956

-

100
96
62

-

-

Tabuti, 1957

-

249

-

1

Moro et al., 2003

30

60

-

1

1

1

1

1

1

1

-

1

1

1

1

1

1

-

Wada, 1941

-

72

-

1

Webber, 1961

35

50

0.2

-

-

-

-

-

-

-

1

1

1

1

1

1

1

1

1

1

Yasar et al., 2012

10

20

0

1

1

Yoneda, 1957a

-

200

-

1

1

71.93

Appendix Table 6.2. List of references with root contribution numbers present. Presence of nerve
root in each set of cadavers is listed between 0 (absent in all cases examined) and 1 (present in
all cases examined). Dash marks (-) indicate that the information was not provided by the
reference. The column ‘% “normal”’ indicates the reported percentage of specimens that
conform to the most commonly observed human morphotype of L1-5 and S1-3, with no
significant variations in structure as reported by the researchers.
Several studies of the lumbar or sacral plexuses in primates exist to compare with human
consistency averages, though lumbar plexus morphology has been described mostly to detail the
configuration and nerve root contributions in relation to the number of vertebrae present, and not
usually with interest in the structure's relation to the form and function of the primate lower limb
(Gourmain, 1966; Piasecka-Kacperska and Gladykowska-Rzeczycha, 1972). Mizuno (1966)
reports that the lumbar plexus in macaques is consistent with the human variation rates, with the
majority (54%) exhibiting a L1-5 morphology, and the remaining percentages being fairly evenly
divided among three other types (T12-L5 at ~8%, T13-L5 at ~13%, and L1-6 at a higher ~24%).
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The macaque sacral plexus is reported as being somewhat more consistent, with 70% of 60
plexuses exhibiting the L5-S2 morphology (Takeuchi, 1960; Mizuno, 1966).
Researchers studying if morphology correlates with phylogeny are inconsistent in the
conclusions they draw from their data. Gourmain (1966) reports finding no correlation in lumbar
plexus morphology and systematic position, locomotion, or number of vertebrae, and notes
finding morphological similarities between such phylogenetically disparate genera as Nycticebus
and Pan. In contrast, Piasecka-Kacperska and Gladykowska-Rzeczycka (1972) suggest that the
configuration of the sacral plexus is directly related to number of vertebral segments, and that
decrease in the number of vertebrae has consequently shortened the lumbar plexus, such that
short-backed taxa have smaller numbers of lumbar nerves. None of these assertions have been
tested using modern phylogenetic approaches.
By adding an analysis of the lumbosacral plexus to that of the brachial plexus presented
in this thesis, this first attempt to integrate nerve gross morphology into modern studies of
evolution will be strengthened, and we will take a further step towards understanding how tissues
evolve differently under different selective pressures.
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